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PREFACE 


This book is intended primarily as a summary of work m which I 
have been personally engaged in the last twenty-five years in the 
field of high pressure. It is also intended, however, that the book 
shall give a fairly complete survey of all the important work in this 
field; to this end the first chapter is devoted exclusively to historical 
matters, a historical introduction giving the previous state of the 
art is appended to many of the later chapters, and in the final 
chapter on miscellanies the work of others on a number of topics 
which I have not yet had a chance to touch is discussed in some 
detail. The references ancTthe index will also facilitate a compre- 
hensive grasp of the whole field. 

There are comparatively few previous books in this field; of these 
the book of Cohen and Schut, Piczochemie Kondensierter Systeme 
(Akademische X’erlagsgesellschaft, Leipzig, 1919), is especially to 
be mentioned. 'Fliis was written in 1914 and published in 1919. 
It aims to give a complete summary of work in the field of high- 
pressure physics and chemistry up to 1914, with some of the work 
of the period 1914* 1919 treated in appendices. .So much has been 
done since that time that no apology is necessary for a new book. 
In addition to this principal source of information in book form, the 
f<second part of Cohen's Cornell lectures, Physico-Chemical Meta- 
morphosis and Problems in Piezo-Chemistry (M‘Graw-Hill Book Co., 
New York, 1926), deals with certain aspects of his pressure work at 
Utrecht, and is a valuable source of information. Practically the 
only other work is that of Tammann, Kristallisieren nnd Schmelzen 
(Barth, Leipzig, 1903), republished with some changes under the 
title Aggregatszustande (Voss, Leipzig, 1922). This deals with the 
special topics indicated by the titles, and is concerned mostly with 
Tammann’s own work. 

The reader wiio is interested in the details of much of the early 
work should consult these books. P^inally, there is my own recent 
article in the Handhuch der Experimental Physik, vol. 8®, dealing 
with a limited aspect of the subject — namely,- the effect of higli 
pressure on various thermal properties of matter. The information 
contained in that article is, of necessity, similar to that in the 
corresponding sections of this book; the arrangement and general 
method of treatment are, however, different. 

The titles of my own papers are collected in an appendix; in the 
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body of the book reference is made to these by number, prefixed by 
a B. References to other work are numbered consecutively through 
each chapter, and are collected at the end of the chapter. At the 
end of the first chapter all these references to other work are given 
by title, but this was less necessary in the later chapters where the 
subject is more definitely indicated, and there the reference is to the 
periodical only. Many of these later references are duplicates of 
those given in the first chapter, which may therefore often be 
consulted for the titles. 

It has not been possible in a book of this size to reproduce all the 
numerical data, but the attempt has been made in the various tables 
scattered through the text to give enough data to fix the broad 
features of the effects of pressure and temperature on the more 
important substances, particularly the elements. I believe that the 
data given here will be found sufficient for most theoretical use for 
which we are at present prepared in this field. For finer details 
and for many of the more complex substances the original papers 
must be consulted. Many of my own detailed results have been 
published in the Proceedings of the American Academy of Arts and 
Sciences, a somewhat inaccessible publication. It may be that 
some libraries which do not have the Proceedings may have the 
Contributions from the Jefferson Physical Laboratory, in which all 
my papers are collected. 


PREFACE TO THE REPRINT OF 1949 

The book has now been out of print for several years, during 
which there has been a demand for it deemed sufficient to justify 
this reprinting by the photographic process. A few modifications 
have been made, such as are possible within the mechanical limita- 
tions of the method. These consist mostly in the correction of 
minor misprints. The most serious modification has been the 
complete replacement of pages 177 through to the middle of page 
183 with new material. The original discussion in those pages was 
concerned with the five alkali metals and was based to a great 
extent on calculations in which there was an error of sign, so that 
the picture there presented, particularly for the behaviour of 
potassium, was completely misleading. The material substituted 
for the erroneous material consists of a discussion of the volume 
relations of the five alkali metals, based on more recent measure- 
ments, up to 100,000 kg./cm.L This destroys the continuity of 
presentation, but seemed necessary in view of the mechanical 
limitations of the reproduction. 

In addition to the reproduction of the original book, this reprinting 



PREFACE vii 

contains a suppiement devoted to recent work in the high-pressure 
field. In this supplement only a brief description will be attempted 
of some of the work done since the original publication in 1931. 
Limitations ot space do not permit a completeness in covering this 
interval of time, short as it is, at all comparable to the completeness 
with which the original book covered the entire period of high- 
pressure investigation up to that time. Activity in the high- 
pressure field is rapidly accelerating, and the total number of titles 
between 1931 and 1948 is greater than for the entire previous history. 
Furthermore, completeness in the supplement is not as necessary as 
it might be otherwise, for I have published in Reviews of Modern 
Physics in January, 1946, an article entitled ' Recent Work in the 
Field of High Pressures * summarising the work since 1931. This 
article was almost entirely descriptive in character and did not 
attempt to reproduce numerical data. The bibliography given 
with that article was, however, fairly complete, reproducing the 
full titles of all the papers, so that the numerical data should be 
recoverable with the expenditure of some effort on the part of the 
reader. 

The main emphasis of the supplement will be the same as that of 
the original book — namely, on my own work — and the principal 
object of the supplement will be to bring the picture of my own 
work as up to date as possible within the limitations of available 
space. To this end the appendix of the first printing, containing 
the titles of my own papers, is now revised by extension to include 
all the titles up to date, beginning with No. 74. The method of 
reference to these papers in the body of the text will be the same 
as before — namely, the number of the paper prefixed by a B. 

A limited objective for the supplement is the more justifiable in 
view of the existence of the Reviews article. Furthermore, as in 
the case of the first printing, this supplement will contain an intro- 
ductory section in which a very brief picture is presented of the 
total activity in the high-pressure field since 1931. There is obvi- 
ously room here for a completely new book, covering the entire 
field of high-pressure physics and bringing it up to date; but this is 
a more ambitious undertaking than I am in a position at present to 
attempt. 


Jurie, 1948. 


P.W.B. 
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CHAPTER I 


HISTORICAL INTRODUCTION 

In this historical introduction only those experiments are to 
be especially considered which are the natural forerunners of 
experiments to high pressures. Many experiments dealing 
with pressure effects do not need the emphasis given by high 
pressures, as, for example, those dealing with the critical 
point liquid- vapour ; such experiments will be considered 
only briefly if at all. 

Perhaps the earliest experiment on our theme was the 
celebrated attempt of the Florentine Academy to find whether 
water is compressible. Water was sealed into a sphere of 
lead, which was then flattened between the jaws of a press 
until the water exuded through the lead walls. A measure- 
ment of the distortion of the lead showed no measurable loss 
of volume of the cavity containing the water. Apparently 
the tinsmith who soldered together the lead hemispheres 
was as confident of the integrity of his work as are present- 
day smiths, for the experiment was interpreted as meaning 
that the water had been forced through the pores of the 
homogeneous lead, and the conclusion was drawn that water 
must be incompressible, because it suffered no measurable 
loss of volume under a pressure so tremendous as to force 
it through the pores of solid lead. In view, however, of the 
very low strength of lead, it is improbable that the pressure 
in this experiment was more than a small fraction of lOO 
kg./cm.*, so that the resulting change of volume would have 
been much less than i per cent., evidently too small to detect 
with such crude methods of measurement. 

The next experiments take us to the years 1762 and 1764, 
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when Canton^ published experiments in the Transactions of 
the Royal Society to prove that water is compressible, often 
paradoxically misquoted because of a misprint in the index 
as experiments to prove that water is incompressible. Canton 
placed his liquids in a thermometer-like arrangement with a 
large bulb and fine capillary, anticipating the later piezo- 
meters, and with the great magnification obtained in this 
way was able to produce measurable changes of volume in 
water and other liquids with the small changes of pressure 
realisable under the receiver of an air pump. The pheno- 
mena of volume changes in liquids remained the principal 
object of high-pressure investigations for a long time, the 
era which was principally concerned with this theme cul- 
minating perhaps with the classical paper of Amagat in 1893. 

The next name is that of Perkins, ^ an ingenious Yankee, 
who made his first experiments in America, and then later, 
after the example of his illustrious predecessor Rumford, 
emigrated to England, where he very much extended his 
original experiments. Perkins must have been a mechanical 
genius, for his experiments were cast in a mould heroic for 
those days. His first experiments were made to a pressure 
of 100 kg./cm.2, using a cannon as the containing vessel. His 
pressure measurements were checked by sinking the apparatus 
in the sea to known depths, this being the first use of this 
method of producing high pressures. Later he reached pres- 
sures of .2000 kg./cm.2, an enormous extension of range, and a 
pressure that was not again reached in accurate experiments 
until Amagat. His apparatus was so accurately made that 
no soft packing was necessary on the plunger with which 
pressure was produced. His pressures were measured with 
a sort of safety-valve arrangement, the precursor of the free 
piston gauge ; a number of his other devices were later re- 
invented. He observed the decrease of compressibility of 
water with increasing pressure, but his absolute values of 
compressibility were four times too small. He also observed 
the raising of the melting-point of acetic acid with pressure, 
a phenomenon forgotten until the thermodynamic discussions 
of the Thomsons, and not even then connected with the 
name of Perkins. 
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Following Perkins, one branch of pressure investigation 
was a long series of experiments concerned chiefly with the 
attempt to get consistent values for the compressibilities of 
liquids. There was nothing noteworthy about these experi- 
ments from the high-pressure point of view, the pressures 
often being of the low range obtainable in the receivers of 
air pumps, and the joints often being made with seahng-wax. 
The crucial point in all these experiments was to properly 
correct for the distortion of the containing vessel, which was 
a very appreciable fraction of the whole effect. All the early 
attempts to correct for the distortion of the containing 
vessel were indirect, based on calculations from elastic theory, 
using data obtained from deformations under stresses other 
than hydrostatic pressure. In those days when elastic theory 
was not well understood, there was much disagreement and 
serious errors were made even by men as skilful as Jamin. 
The principal names associated with this series of experi- 
ments are: Oersted,® 1823 and 1828; Colladon and Sturm, ^ 
1838; Aim^,® 1843, who followed Perkins's scheme of using 
the ocean as a source of pressure, but who got very bad 
numerical results; Grassi,® 1851; Jamin, Amaury, and 
Descamps, ^ 1868-69; and Dupre and Page,® 1868. 

The period of fifty years from 1819, the year of the first 
paper of Perkins, to 1869, the year of the first paper of 
Amagat, constitutes a self-contained period in high-pressure 
history, in which a good deal of the ground was mapped out, 
but few final or even good numerical results were obtained. 
Besides the papers mentioned as being concerned chiefly 
with the compressibility of liquids, the following also belong 
in this period. In 1833 Parrot and Lenz » in St. Petersburg 
observed several miscellaneous pressure effects to 100 kg./cm.* ; 
they showed that glass is compressible, checked Boyle's law 
for air, and measured pressure for the first time with a free 
piston gauge. Natterer published three papers in 1850, 
1851, and 1854, dealing with the attempted liquefaction 
of gases by high pressures. Being unable to obtain any 
apparatus capable of standing the desired pressures without 
leak, he was forced to become his own mechanic, and made 
apparatus capable of withstanding 3600 kg./cm.*. He intro- 
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duced several tricks of technique, among others that of 
making a tight joint with a hardened cone forced against a 
right-angled edge, which still is frequently used. With 
this apparatus he was unable to liquefy Nj, CO, H2, air, and 
illuminating gas at ordinary temperatures by pressures up to 
3600 kg. /cm. 2, and he drew the conclusion that it was impos- 
sible to liquefy these gases by any pressure at this tempera- 
ture. He attempted the liquefaction at —80° C., but here 
his apparatus leaked because of the freezing of his oil. He 
made approximate measurements of the volume to these 
pressures, and observed the very great departures from 
Boyle’s law. In 1857 ^.nd 1858 Jamin observed with his 
interferometer the change of index of refraction of water at 
a few atmospheres, probably the first experiment on optical 
properties under pressure. Wartmann in 1859 observed 
the change of electrical resistance of metals under pressure. 
These experiments were very crude, the metal was imbedded 
in gutta-percha, which was squeezed between the jaws of a 
press. The pressure, which could have been only very 
roughly hydrostatic, was estimated to be 400 kg./cm.^. Joule 
in 1859 measured quantitatively the adiabatic tempera- 
ture changes accompanying the sudden application of about 
25 kg./cm.2 iq vv'ater and sperm-oil, and obtained agreement 
with the theoretical values within about 5 per cent. The 
effect had been previously sought unsuccessfully by Regnault. 

Andrews in 1861 discovered the critical phenomena in 
gases, and immediately wide attention was attracted to this 
field. Although we have perhaps arbitrarily refused to con- 
sider these phenomena as part of our subject, nevertheless 
the work of Andrews had an important effect on high-pressure 
work proper. The pressures which he had to reach were 
several hundred kg., and were therefore much higher than 
the ordinary run of pressures at which the compressibilities 
of liquids had been measured, although low compared with 
the pressures reached by Perkins and Natterer, so that the 
technique which Andrews developed for reaching his pressures 
reacted on the whole high-pressure technique. Furthermore, 
the perspective opened by the discovery of critical phenomena 
embraced subjects proper to our range, such as the behaviour 



HISTORICAL INTRODUCTION 


5 


of gases at pressures much higher than the critical pressures, 
and the impetus given by the discoveries of Andrews lasted 
for a number of years. 

The next important period is of nearly twenty-five years, 
terminated by the classical paper of Amagat in 1893 on the 
compressibility of gases and liquids over a pressure range of 
3000 kg. /cm. 2 and a temperature range of 200"^. This period 
is dominated by two Frenchmen; in the early part of the 
period Cailletet,^'* and, later, pre-eminently Amagat. The 
direct inspiration of this work was the discovery of Andrews. 
Cailletet was mostly interested in the liquefaction of gases, 
although his measurements included also the compressibility 
of liquids. He considerably extended the pressure range of 
Andrews, up to something of the order of 1000 kg./cm.^, and 
devised a convenient pump for reaching these pressures, 
which is still manufactured in nearly its original form and 
which still goes by his name. Cailletet also played a large 
part in devising accurate methods for measuring these 
pressures, including the use of compressed air manometers 
and an anticipatory form of the free piston gauge of Amagat, 
but his chief reliance was on long mercury columns in open 
steel tubes, with which he reached 300 or 400 kg./cm.^. 

The first paper of Amagat, in 1869, was on the departure 
of gases from Boyle’s law ; his papers continued with ever- 
increasing scope to the number of about thirty, until they 
reached their climax in the 1893 paper, the subject of which 
has been indicated above, and which is an epitome of nearly 
all his work. Amagat developed a special packing technique 
by which he was able consistently to reach pressures of 3000 
kg./cm.* or more. He devised special methods of measuring 
compressibility, including an arrangement utilising glass 
windows up to 1000 kg., and an arrangement with a series 
of electric contacts, adapted from Tait, to 3000 kg./cm.^. He 
devised methods for measuring high pressures, improving the 
open air manometer, and for the maximum pressures devised 
his celebrated free piston gauge with large and small pistons. 
The difficult question of the proper method of correcting for 
the distortion of the containing vessel became finally under- 
stood from the theoretical side in this period, and Amagat 
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took an experimental step which might have led to the prac- 
tical resolution of this question as well, although he never 
carried the work through. 

Amagat's experimental work came to a nearly abrupt stop 
in 1893, there being only one later paper dealing with the 
melting of ice when the pressure to which it has been exposed 
is released, and from this date on he contented himself with 
theoretical calculations and speculations on the large amount 
of experimental material that he had collected. 

The period of Cailletet and Amagat was one of intense 
activity by other experimenters also, and there are a great 
many titles in this period. Regnault published one of his 
latest papers in 1871 on a form of gas manometer to measure 
high pressures, seeing that the subject of high pressures was 
one of growing importance. Mascart in 1874 had two 
papers on the index of refraction of compressed water, and 
in 1877 one on the index of compressed gases. Buchanan 
in 1880 made the first experiments capable of giving the 
linear compressibility of a solid, without using any of 
the equations of elasticity, by observing with microscopes 
through a heavy glass tube the change of length of a rod of 
metal within the tube exposed to hydrostatic pressure. His 
numerical values were not good, probably due to irregular 
refraction effects in the glass. In 1880 Spring published 
the first of a series of experiments dealing in general with 
cohesion effects and chemical reactions when dry powders 
of various solids were subjected to high pressure. Spring did 
not have the problem of leak of the transmitting liquid to 
trouble him, and so was able to reach pressures materially 
higher than previous observers, up to 6000 or 7000 kg. There 
has been considerable controversy about the results of Spring, 
many of which were highly spectacular, and it now seems 
certain that many of his results were not due to pressure 
alone, but involve in addition the rubbing motion of one 
particle on another with intense shearing stress. In 1880 
Dewar observed the lowering of the freezing point of ice 
by pressure up to 700 kg. /cm.*. In 1881 Tait published a 
paper on the pressure errors of the thermometers of the 
Challenger. The temperature of the ocean at various depths 
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was measured on this famous expedition with mercury-in- 
glass thermometers exposed directly to the action of the sea 
water. It was obvious enough that under the great pressure 
in the ocean errors were to be expected in such thermometer 
readings, and for a number of years after the return of the 
expedition Tait was occupied with reproducing in the labora- 
tory the conditions met in the depths of the sea. His pressure 
range was about 600 kg. /cm.*. He measured the compressi- 
bility of pure water, sea water, and a number of solutions. 
He proposed that the pressure effect on the exterior of a ther- 
mometer should be used as a method of measuring pressure, 
and in a number of subsequent investigations the so-called 
Tait gauge was used, in which pressure was indicated by the 
change of internal volume of a cylinder exposed to external 
hydrostatic pressure. 

In 1881 Roentgen and Schneider ** determined the com- 
pressibility of dilute solutions and of solid NaCl, and followed 
this in 1886 with a paper in which a connection was sought 
between the compressibility and the surface tension of a 
number of liquids, Chwolson ** in 1881 observed for appar- 
ently the first time the decrease of resistance of a metal 
when exposed to a truly hydrostatic pressure, the magni- 
tude of which was only 60 kg./cm.*. He attempted to avoid the 
errors arising from the temperature effects of compression 
by operating at the maximum density point of water. He also 
compared the change of resistance produced by hydrostatic 
pressure with the change to be expected from the change 
of dimensions, and showed that there is a specific pressure 
effect. Marshall and others in 1882 observed the depres- 
sion of the maximum density point of water with pressure. 
In 1883 Pagliani and Vicentini,*® and Pagliani and Palazzo 
determined the compressibility of a number of new liquids 
in a small range of pressure. Quincke *’ studied the com- 
pressibility and the change of index of refraction of a number 
of liquids, Chappuis and Riviere measured the index of 
refraction of gases under pressure, and Tomlinson ** published 
a most elaborate account of the effects of all kinds of mechan- 
ical stress on a wide variety of physical properties, including 
a few measurements of liquid compressibility and an un- 

B 
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successful attempt to detect an effect of hydrostatic pressure 
on magnetic permeability. In 1885 Creelman and Crockett 
extended Joule’s quantitative study of the changes of tem- 
perature accompanying an adiabatic application or release of 
pressure to several hundred kg./cm.* and a miscellaneous 
collection of solids and liquids. There have been comparatively 
few repetitions of the experiments of Creelman and Crockett ; 
it would appear that there may be useful possibilities here, 
particularly as a more direct method than any yet used for 
the determination of specific heats at high pressures. In 
1888 Parsons published the first accounts of investigations, 
which were later very much extended, of the behaviour of 
carbon at high pressures and temperatures, the ultimate 
interest being the artificial formation of diamond, a problem 
not yet solved. Hallock in 1888, in the attempt to confirm 
or interpret the experiments of Spring, found that solids like 
wax or lead do not actually become fluid under pressure, as 
had been many times erroneously stated, but the appearance 
of flow arises from the resistance to yield being overcome 
by the enormous stresses. 

Barus in 1889 published the first account of work covered 
in great detail later in two long papers from the Geological 
Survey in Washington in 1892. He was interested in study- 
ing the question of rock formation and similar geological 
problems by reproducing in the laboratory, as far as possible, 
actual terrestrial conditions of pressure and temperature. 
He attained pressures of 2000 kg. and temperatures of 400® C., 
and drew a number of interesting conclusions. There is 
an individual quality about his work that makes interest- 
ing reading. Among other things he observed the enormous 
solvent action of water on glass at high pressures and tem- 
peratures, measured the electric conductivity of several solu- 
tions of electrolytes, studied in detail the hysteresis of several 
forms of pressure gauge, made several interesting additions 
to technique, observed the enormous increase of viscosity 
of a substance like marine glue under pressure, and made a 
number of observations of melting phenomena under pressure, 
the interpretation of which was unfortunately obscured by 
the effect of impurities. 
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Damien in 1889 published his first paper on the melting 
of solids up to 2000 kg., and followed it with a second paper 
in 1891. De Metz in 1890 investigated the compressibility 
of oils and colloids, and in 1892 the much more difficult 
question of the compressibility of mercury. The greater 
difficulty arises from the fact that the compressibility of 
mercury is so low compared with the compressibility of the 
container that an accurate evaluation of the correction for 
the distortion of the container becomes much more necessary. 
De Metz obtained values not far from the present accepted 
values. Roentgen and Zehnder in 1891 measured the effect 
of pressure on the index of refraction of water, CS^, and other 
liquids. In 1892 Roentgen*’ followed this with a paper 
dealing with a variety of new phenomena to a pressure 
of several hundred kg. /cm.*, including the conductivity of 
solutions of electrolytes, the velocity of inversion of sugar in 
an acid solution, the velocity of diffusion in a liquid, and a 
confirmation of the observation of Barus of the increased 
viscosity of glue. In 1891 Des Coudres ** measured the effect 
of pressure up to two atmospheres on the thermo-elective 
quality of mercury and several dilute amalgams, the first 
observations of their kind. Galopin in 1892 made one 
of the few repetitions of the experiments of Creelman and 
Crockett, observing the adiabatic changes of temperature in 
water up to 500 kg. In 1893 Voigt attempted to find the 
effect of a hydrostatic pressure of 60 kg. /cm.* on the break- 
ing strength of NaCl crystals. No effect was found on the 
differential stress required to produce rupture, which means 
that if a rod is stretched by hanging weights on it, it will 
rupture at the same weight, whether the rod together with 
the weights is immersed in an atmosphere under pressure or 
not. This is an important question, and the experiments 
should be repeated at a higher pressure, where probably some 
effect will be found. 

Since the termination of Amagat's work in 1893 there have 
been a very large number of high-pressure investigations, 
mostly groups of a few papers by various investigators, who 
evidently have not made this work their chief activity, and 
which will be referred to in more detail later, but there have 
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in addition been a few foci in which several individuals or 
institutions have devoted an important part of their effort 
to high-pressure >vork. 

Without doubt the most important work done in the period 
immediately following that of Amagat was by Tammann and 
his pupils Tammann's first paper in this field was in 1893, 
dealing with internal pressures in solutions. His main thesis 
was that dilute solutions, under ordinary conditions, behave 
approximately like pure water under an external pressure 
equal to that part of the internal pressure in the solution due 
to the action of the dissolved substance. In support of this 
thesis Tammann published, in the few years following 1893, 
a number of papers dealing with such topics as the com- 
pressibility and expansion of solutions, specific heats, heats 
of neutralisation, and pressure effects on electrical conduc- 
tivity of electrolytes. A number of interesting correlations 
were brought to light, and the thesis gives a qualitative 
account of a considerable range of phenomena. The idea 
must be applied with caution, however, in any new field; 
there are a number of phenomena known in dilute alcohol 
solutions which are the exact opposite of what would be 
expected. Tammann later became interested in phenomena 
of solidification, such as the velocity of solidification, and 
from this it was a natural step to determine the effect of 
pressure on melting temperature and on the transition tem- 
perature from one solid phase to another. In this field his 
work was by far the most extensive and systematic of any- 
thing that had yet been done. His pressure range was 3000 
kg. /cm. 2, the same as that of Amagat. Tammann did not 
make as many improvements in technique as might be 
expected of one occupied so extensively in this field; this is 
doubtless explained by the fact that his mechanical facilities 
were always limited, so that he had to content himself with 
more or less stock apparatus that could be purchased from 
instrument dealers. Tammann first extensively used the 
method of discontinuity of volume in locating a melting or 
transition point. He observed the universal direction of 
curvature of the melting curves, which is the same as that 
of the liquid-vapour curves. He followed the change of 
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volume to high pressures along the melting curve, from this 
calculated the latent heat, and from this in turn drew certain 
conclusions about the general character of the melting curve, 
which will be the subject of much more detailed discussion 
later. He observed a number of new transitions between 
solids possible only under pressure, including the very inter- 
esting two varieties of ice, Ice II and III. Tammann's 
chief activity in this field terminated with the publication 
of his book Kristallisieren und Schmelzen in 1903, of which 
the second edition in 1922 is called Aggregatszustdnde. Here 
will be found a more complete reference list to his papers 
than that given here. He has, however, published sporadic 
papers dealing with this general topic down to the present 
day. 

Next after Tammann in point of time is Lussana,^* whose 
first paper was published in 1895, and who has published 
some twenty papers at irregular intervals ever since. This 
work has apparently not had the influence which would be 
the natural reward of the industry and ingenuity displayed. 
It is evident that much of the work has been done under 
heavy material handicaps, which have sometimes led to the 
adoption of methods not capable of the highest accuracy, 
and in fact sometimes effects have been found not verified 
even qualitatively by other observers. The pressure range 
of much of Lussana's later work is 3000 kg. /cm.®, the range 
of Amagat. Lussana began in 1895 with three papers: one 
on the resistance of solutions of electrolytes at various pres- 
sures and temperatures, one on the effect of pressure on the 
maximum density point of water, and one on the effect of 
pressure on the transformations of NH4NO3 and Hgl^. In 
1897 there was a very extended paper on the resistance of 
electrolytes. In 1899 and 1903 there were papers on the 
resistance of metals under pressure, in which, in addition to 
the permanent effects, temporary effects were found immedi- 
ately after the application of pressure which other observers 
have not been able to confirm. In 1903, 1904, and 1910 
there were several papers entitled, ''Thermal Properties of 
Solids and Liquids," dealing with the compressibility, ther- 
mal expansion, and melting of pure metals, alloys, and a 
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number of ordinary liquids. In 1908, 1912, and 1914 there 
are papers dealing with the effect of pressure on the specific 
heat of liquids. The attempt was made to measure this effect 
directly, a most difficult thing to do; this is one of the few, 
if not the only, attempts at a direct attack on this problem. 
In 1918 and 1923 there are papers on the effect of pressure 
on thermal conductivity of metals and the law of Wiedemann- 
Franz. This again is a difficult subject, and Lusanna was 
apparently the first to attempt measurements. 

Next should be mentioned the work of T. W. Richards.*® 
His first work on compressibility was published in 1903, and 
continued, usually in collaboration with some pupil, up to 
his death in 1928. Richards's work is important, not for the 
range of pressure and temperature covered (nearly all his 
work was confined to a pressure range of 500 kg./cm.® and 
to room temperature), but for the great range of materials 
investigated, and for the theoretical significance which he 
saw in his results. Richards was the first to make a systematic 
investigation of the compressibility of a large number of the 
elements and to notice their periodic relations. His meas- 
urements also embraced a large number of solutions and 
organic liquids. He introduced a much improved method of 
measuring compressibility, later used by a number of other 
investigators, by which accurate and reproducible values for 
the difference of compressibility between any substance and 
a reference substance, such as mercury, could be determined. 
His efforts to convert differential compressibility into absolute 
compressibility were not so successful. When Richards first 
began his work the common view of the atom was of a rigid 
billiard ball-like object. Richards had the insight to see that 
much physical and chemical evidence was opposed to this 
view, and his chief concern in making his measurements and 
discussing their significance was to emphasise the necessity 
for a compressible" atom. Unfortunately this was a con- 
ception on which physics was already converging from many 
other points of view, so that historically the work of Richards 
did not have as much effect in moulding the conception of 
the atom as it might under more favourable conditions. 

At Utrecht Cohen ** and his collaborators have been 



HISTORICAL INTRODUCTION 18 

engaged in high-pressure work since 1894. The pressure 
range of this work is 1500 or 2000 kg./cm.®. Many sorts of 
question have received attention, mostly of a chemical 
character, with comparatively little work on such physical 
questions as compressibility. The results have been mostly 
published in the Zeitschrift fur Physikalische Chemie, in a 
series of papers entitled Piezo-Chemische Studien. Investiga- 
tions have been made of the effect of pressure on the E.M.F. 
of a number of reversible cells, and the first satisfactory proof 
has been given that the effect is actually thatdeduced theoreti- 
cally by thermodynamic reasoning. An exhaustive investi- 
gation was made of the validity of Faraday's law under 
pressure. Reaction velocities have been measured, and the 
effect of pressure on chemical equilibrium studied. An 
extensive study has been made of the effect of pressure on 
solubility, and an experimental demonstration given of the 
law of Braun, which applies to these phenomena. Finally, 
the diffusion velocity of cadmium into mercury has been 
measured under pressure, and also the effect of pressure on 
the viscosity of mercury. Cohen has published an important 
book entitled Piezochemie dealing with high-pressure effects 
mostly up to 1914, and has also discussed some of his own 
more recent work in his Cornell lectures on the Baker Founda- 
tion. Extended references to Cohen's papers will be found 
in the two books. 

In the United States, the Geophysical Laboratory in 
Washington has been systematically engaged in high- 
pressure work ever since the foundation of the Laboratory 
in the early years of this century. The investigations have 
been mostly concerned with problems of geophysical interest, 
such, for example, as a determination of the compressibility 
of a large number of minerals and rocks. In actual geo- 
physical applications high pressures are encountered simul- 
taneously with high temperatures, and a great deal of the 
effort at the Geophysical Laboratory has been devoted to 
devising methods of extending experiments at pressures of 
several thousand kg. /cm.* to temperatures of the order of 
1000® C., a problem of great difficulty. Bombs have been 
developed by which a great many of the reactions involved 
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in rock formation have been followed under terrestrial condi- 
tions of pressure and temperature. 

In addition to these well-established centres of high- 
pressure investigation, A. Michels in Amsterdam is engaged 
in building up an elaborate high-pressure plant, and has 
already published several important papers, in which special 
emphasis is laid on the precision of the work. Much more 
work may be expected from this laboratory in the next few 
years. At Iowa Wesleyan College, Poulter is now engaiged 
in constructing apparatus with which pressures are reached 
limited only by the strength of the steel. He is beginning 
to publish results, and already has several papers describing 
special parts of the technique. 

Finally, there is my own work done at Harvard University 
since 1906.^® A good part of the remainder of this book is 
to be devoted to it, so that no more need be said here except 
to give the one characterisation that all this work grew out 
of the development of a packing technique which makes it 
possible to reach without leak any pressure allowed by the 
mechanical strength of the walls of the containing vessels. 

Returning now to the more sporadic high-pressure inves- 
tigations since 1893, in 1894 there were papers by Fanjung " 
and Piesch on the electric conductivity and polarisation 
effect in solutions of electrolytes under pressure. Roentgen 
in this year apparently made the first measurement of di- 
electric constant under pressure. Up to 500 kg. Roentgen 
could find no change in the dielectric constant of water of 
as much as i per cent., although a much greater increase 
would be indicated by the Lorenz-Lorentz formula. In the 
following year Ratz was able to measure the effect of 
pressure on the dielectric constant of a number of organic 
liquids up to 250 kg., and found that it was about ten times 
smaller than would be indicated by the formula. 

In 1896 and 1897 Demerliac published two papers on 
the effect of pressure up to 300 kg. /cm.* on the melting 
points of several organic substances. At low pressures he 
found agreement with the Clapeyron formula, but at higher 
pressures very great disagreement. This disagreement played 
a considerable part in the development of theories of the 
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melting curve; it was later shown by Tammann to be an 
effect of the rapidly increasing solubility of the air with which 
the pressure was transmitted. In 1896 Von Stackelberg 
published on the effect of pressure on solubility, Rothmund 
on the effect of pressure on reaction velocity, and Gilbaut 
on the compressibility of salt solutions. In 1898 Mack 
followed the melting curve of naphthalin to 2100 kg./cm.*, 
measuring pressure with a free piston gauge, and deter- 
mining the melting-point by the change of volume indicated 
by the motion of the piston of the gauge, thus anticipating 
the method used so extensively by Tammann, and later by 
me. Mack had previously observed melting in heavy glass 
capillaries to 900 kg./cm.^; all his experiments gave to the 
melting curve curvature in the same direction as the liquid- 
vapour curves, but no trace of the effects claimed by Damien 
and Demerliac could be found. Heydweiller also in 1898 
observed melting phenomena in heavy glass tubes, reaching 
pressures in the neighbourhood of 3000 kg./cm.^, probably 
the highest pressures that have ever been reached in glass 
capillaries. He could find no evidence of the phenomena of 
Damien and Demerliac, nor did he find evidence of a critical 
point between liquid and solid. Neither was there any 
evident connection between melting phenomena and the 
phenomena of continuous passage to vapour. Hulett in 
1899 measured the effect of pressure up to 300 kg. /cm.* on 
the melting of a number of liquid crystals, hoping that if 
there were critical phenomena between liquid and solid this 
would be the class of substance that would show them most 
easily, but no difference in behaviour could be found between 
liquid crystals and ordinary substances. 

Majorana in 1900 attacked the diamond problem by the 
application of high pressure and temperature with the usual 
result, and in 1907 he made a second attempt. In 1901 
Hauser measured the effect of pressure up to 500 kg./cm.* 
on the viscosity of water over a temperature range of 100°; 
here he found a reversal of sign of the pressure coefficient, 
which below 32® is negative and above 32° positive. In 
1902 Lampa ®* published work on two component systems, 
determining the effect of pressures up to 200 kg./cm.* in 
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depressing the freezing-point of various salt solutions. In 
1902 Agricola *® extended the work of Des Coudres on thermo- 
electric phenomena in mercury and amalgams from 2 to 
100 kg./cm.* The effect of pressure on thermo-electric 
properties was again attacked by Wagner in 1908, who 
measured the effect of pressure up to 300 kg./cm.* on a 
number of solid metals, by Siegel in 1912, who worked 
up to 400° C. with liquid metals, and by Horig •* in 1909, 
who applied 1400 kg./cm.* to mercury and the Na — K 
eutectic. 

Carnazzi in 1903 made an extended study of the volume 
of mercury between 0° and 200° up to 3000 kg./cm.*. He 
states that it was possible to reach 5000 kg./cm.* with his 
apparatus, but since his pressure measurements were based 
on the results of Amagat, quantitative measurements could 
not be made beyond Amagat’s limit. In 1905 he followed 
this with a study of the compressibility up to 1000 kg./cm.* 
of a number of mixtures of organic liquids. 

In 1907 Eve and Adams made an attempt to find an 
effect of pressure on radioactive disintegration. The radio- 
active material was imbedded in lead, which was exposed 
directly, without the intervention of a liquid, to a pressure of 
22,000 kg./cm.*, the yield point of the steel vessel. No 
effect was found. Since theory does not suggest any large 
effect, and since it would obviously not be possible to greatly 
exceed this pressure, the inducement to repeat the experiment 
has been small. 

Also in 1907 Ladenberg ** measured the effect of pressure 
on the viscosity of very viscous liquids, such as Venice tur- 
pentine. He found increases of as much as 100 per cent, 
for 100 kg./cm.*, confirming the earlier results of Barus 
and Roentgen. Williams ™ observed for the first time the 
anomalous increase of resistance of bismuth under pres- 
sure. 

Mont6n in 1909 observed very large and irregular 
effects of pressure on the electrical resistance of Se and AgS. 
Lafay ** measured the effect of pressure on the resistance of 
several metals, including liquid mercury, to a pressure of 
4500 kg./cm.*, and discussed the results particularly with a 
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view to using the decrease of resistance with pressure as a 
method of measuring pressure. 

In 1911 Parsons and Cook measured the compressibility 
of a number of liquids up to 4500 kg. /cm. by measuring the 
motion of the plunger with which pressure was produced. 
Beckman and Onnes in 1913 observed the change of re- 
sistance of lead under pressure at the temperature of liquid 
hydrogen, and found a pressure coefficient much higher than 
at room temperature. This increase of coefficient has been 
confirmed in 1929 by measurements of Seemann at liquid- 
air temperatures. 

The outstanding recent development in the combination 
of high pressure with low temperature is the solidification of 
helium by Keesom at several hundred kg./cm.*, and the 
very important work of Simon and collaborators,^’ who 
have investigated the freezing of a number of the ''per- 
manent gases under pressure, and in particular has followed 
the melting curve of helium to nearly 6000 kg./cm.^. 

This historical survey has not aimed to be in any sense 
complete, but has endeavoured to mention only the more 
important investigations. Other references will be given as 
occasion arises in the body of the text. 

‘ John Canton, Experiments to prove that Water is not Incom- 
pressible," Trans, Roy. Soc., pp. 640-643 (1762). 

" Experiments and Observations on the Compressibility of Water 
and some other Fluids," ibid., pp. 261-262 (1764). 

• Jacob Perkins, " On the Compressibility of Water," ibid., pp. 324- 

329 (1819-20). 

" On the Progressive Compression of Water by High Degrees of 
Force, with some Trials of its Effect on other Fluids," ibid., 
pp- 541-547 (1826). 

• Oersted, "Sur la compressibility de I'eau," Ann. Chim. Phys., 22 , 

192-198 (1823). 

" Sur la compression de I’eau dans des vases de mati^res diff6- 
rentes," ibid., 38 , 326-330 (1828). 

• D. CoLLADON et C. Sturm, " Mymoire sur la compression des liquides," 

Ment. Sav. Etr. Inst. France, 5 , 267-347 (1838). 

® G. "Mymoire sur la compression des liquides," Ann. Chim. 

Phys., 8, 257-280 (1843). 

Grassi, " Recherches sur la compressibility des liquides," ibid,, 81 , 
437-478 (1851). 
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** Mymoire sur la mesure des indices de ryfraction des gaz,** Ann. 
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413 (1874)- 

“ Manomytre destiny k mesurer les hautes pressions," ibid., 83 , 
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CHAPTER II 


GENERAL TECHNIQUE 

The problems of pressure technique may be divided into 
two groups: general problems which must be solved in any 
piece of high-pressure work, such as problems of packing or 
of measurement of pressure, and special problems peculiar 
to different specific investigations. The special problems 
will be discussed later in the chapters dealing with special 
topics; only the general topics will be discussed here. The 
object of this discussion of technique is primarily to give what, 
in my opinion, is most useful for present-day laboratory 
practice, with special emphasis on methods of reaching the 
highest pressures, and only secondarily to present the histori- 
cal aspects of the subject. 

Packing. Evidently the most vital problem which must 
be faced in one form or another in practically every high- 

pressure investigation is the 
prevention of leak, and this 
again means in nearly every case 
some form of packing. The 
packing pioblem may take a 
great many forms ; let us discuss 
by way of introduction the 
problem of packing a pipe con- 
nection. Three distinct stages 
in the evolution of such a 
packing may be distinguished. 
Fig. I sufficiently characterises 
the most primitive method, in 
which a heavy flange is attached to the end of the pipe, 
and a pliable packing is compressed by heavy bolts between 
the flange and the vessel to which connection is made. 
Packing of this sort is often used in steam connections. 

30 



Fig. I. — Most primitive form of 
packing, liable to be blown out 
either by the pressure or by 
tightening the bolts. 



GENERAL TECHNIQUE 


31 



An obvious limitation of this method is that if the packing 
is too tightly compressed in the effort to make it proof 
against high pressure it will flow sidewise, either into the 
interior of the pipe or to the outside. Its range of use 
may be increased by incorporating into the flexible packing 
some more resistant material, such as metal gauze or 
cotton fabric. The design may 
further be improved by prolonging 
the end of the pipe beyond the 
flange sufficiently to enable it to 
enter the hole in the block. In 
this way the squeezing of the pack- 
ing into the interior hole is avoided, 
but it is obvious that at sufficiently 
high pressure the packing will be 
blown out by the pressure itself, 
even if it is not squeezed out by 
the initial pressure of the bolts. 

The second stage in evolution is 
shown by fig. 2, which carries to its 
logical conclusion the idea sug- 
gested by prolonging the end of the 
pipe into the hole in fig. i. In fig. 2 
we have essentially a flange on the end of the pipe, but the 
flange enters a recess in such a way that the soft packing is 
entirely surrounded by rigid metal walls, and cannot flow 
out under the initial pressure of the screw or be blown out by 
the pressure. This is the essential motif of most of Amagat's 
packing; it enabled him to reach consistently very much 
higher pressures than had been commonly used before, up 
to a maximum of 3000 or even 4000 kg. /cm.®. An upper 
limit to which this packing may be used is evidently set by 
the compressing action of the pressure on the packing. When 
the hydrostatic pressure has reached an intensity equal to 
that initially exerted on the packing by the screw, there is 
balance, so that the packing exactly fills the surrounding 
space, but above this the packing shrinks away from the 
retaining walls and leak occurs. Leak will occur below the 
theoretical upper limit if there are geometrical irregularities. 


Fig. 2. — Amagat's type of fully 
enclosed packing. This leaks 
when the pressure gets as 
high as the initial pressure 
exerted by the screw. 
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and the limit reached by Amagat is about the maximum that 
has been found practical. 

The range of the packing of fig. i may often be increased 
by a crude application of the principle of fig. 2, by slipping 
a metal ring over the outside of the flange, thus retaining the 
packing on the outside. 

The third stage in evolution (B. 12) is shown in fig. 3. At 
first sight this appears to be merely a modification of fig. 2, 
in that the location of the packing has 
been changed from the front to the 
I r7n back side of the flange, but this ap- 
J parently trivial change has introduced 

> \ a most important change of principle. 

> /It will be seen that the tendency of 

I j the pressure to blow the pipe out of 

“ r \ transmitted to the screw 

K / through the packing. The force tend- 

i i \ blow the pipe out is the force 

; i ^ \ exerted by the pressure on the annular 
L-iJLi-j g j exerted on the 

cross-section of the pipe itself. The 
Fig. 3.— -Packing utilising total force exerted by the packing 
the ‘ unsupported area ’ jji^st be equal and opposite to this, 

pressure is automatically but the force exerted by the packing 
maintained a fixed per- jg applied Only to the annular area of 

sure in the Uquid. the flange, which IS less than the area 
on which the hydrostatic pressure acts 
by the cross-section of the pipe. It follows that the intensity 
of pressure in the packing in pounds per square inch must be 
greater than the intensity of the fluid pressure in the ratio 
of the area of the flange plus pipe to the area of the flange 
alone. That is, the geometrical design is such that the 
hydrostatic pressure in the packing is automatically main- 
tained at a fixed percentage higher than the pressure in the 
liquid, and leak of the liquid cannot occur as long as the 
packing remains soft or as long as the retaining walls hold. 

There is still the problem of preventing the packing from 
leaking out past the outer washer at the point indicated by 
the arrow A, or inward against the fluid pressure at the 
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point marked B. This latter is an amusingly paradoxical 
possibility, but it may, nevertheless, be actually realised in 
practice, as one can see on considering that under actual 
conditions the pressure in the packing may be 5000 kg./cm.^ 
higher than the pressure in the liquid, an excess pressure 
very much above the flow pressure of the packing. How- 
ever, the escape of the packing at these two places is easily 
prevented, as will be explained below, and the only real 
limit set to the pressures attainable with this type of packing 
at ordinary temperatures is set by the strength of the metal 
parts. There is a very definite limit to the strength attain- 
able by the metal parts, which depends on an effect which 
was not generally known when I began my experiments, 
which I have called the ‘'pinching-ofU' effect; this is 
described in greater detail in the next chapter. That there 
is such an effect can be shown by simple considerations. 
It is obvious that if the retaining screw C of fig. 3 is screwed 
in more and more tightly, the flexible packing is forced 
against the walls of the pipe, tending to collapse them, and 
that if sufficient force is exerted, collapse will take place, 
and the pipe will be pinched off,'" the protruding part being 
expelled by the pressure of the packing. Very much the 
same sort of thing takes place when the packing is strongly 
compressed by the action of a high hydrostatic pressure; 
the pipe is eventually pinched off and expelled. It does no 
good to increase indefinitely the thickness of the walls of the 
pipe; a solid rod replacing the pipe of fig. 3 is pinched off in 
the same way. The maximum pressure that a solid rod can 
withstand without pinching off is numerically somewhere in 
the neighbourhood of the maximum tensile strength of the 
steel as measured by ordinary tensile tests. This is also 
approximately the maximum pressure that a pipe in a state 
of ease can stand without bursting, but in practice the 
pinching-off limit is always somewhat lower than the bursting 
limit. In designing apparatus it is wise to stay well below 
the expected upper limit, for there is considerable danger 
when pinching-off occurs, the velocities of the expelled parts 
sometimes reaching those of rifle bullets. In that part of 
my work which deals with pressures approaching the tensile 
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strength of the steel, an entirely different sort of connection 
is used, which will be described later. 

In practice I have used continuously the type of packing 
of fig. 3 with heavy copper tubing (6 mm. outside diameter 
and 1-5 mm. inside diameter) up to pressures of looo kg. /cm.*, 
and with hard-drawn carbon steel tubing of about 0-50 per 
cent, carbon content and with an outside diameter about 
five times the inside diameter up to 3000 or 4000 kg./cm.*. 
It is now possible to obtain tubing of alloy steel of similar 
dimensions of higher tensile properties, but I do not believe 
that there is any steel that could be safely used in this way 
up to 12,000 kg. /cm.*. 

For ordinary service conditions, the most convenient 
packing material is soft rubber Lead is considerably more 
permanent, but must be compressed more tightly initially 
to prevent leak. Rubber is possible only in a moderate 
temperature range; at low temperatures it gets hard and 

cracks, and at high temperatures it 
decomposes. 

Returning now to the matter of pre- 
venting the packing itself from leaking, 
various devices are possible. It is 
paradoxical that rubber packing can 
be prevented from leaking more easily 
than lead packing. If the pressure 
is not too great, it is sufficient merely 
to make the metal parts a good fit; 
this is adequate up to 2000 kg. /cm.*. 
For higher pressures, one method is 
to taper the metal washers to knife- 
FiG. 4. — Shows a method edges; this method is illustrated in my 

o" technique (B. 12). Later, 
however, I have found more con- 
venient the use of rings of soft steel in a way suggested 
clearly enough in fig. 4. This method is particularly useful 
in closing holes; in this case the pipe with flange screwed on 
the end is replaced by a single piece of alloy steel, as shown 
in fig. 4, heat treated to give a high tensile strength com- 
bined with considerable elongation. The corner at A must 
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be rounded, otherwise pinching«off is likely to start at this 
place. 

The fundamental principle illustrated by fig, 3 I have 
called the principle of the unsupported area. The pipe 
projecting through the screw is the unsupported area in this 
case. Wherever there is such an unsupported area, the 
pressure in the packing is greater than the pressure in the 
fluid, and leak cannot occur. The principle is capable of a 
great many adaptations, as will appear in the following. I 
believe that one form or another of this principle will be 
essential in reaching the absolutely highest pressures; it is, 
at any rate, the only thing that has made possible my own 
high-pressure work. 

If one is not trying for the maximum pressure, there are 
a good many possibilities in the way of connections that 
it is convenient to have in one’s repertory. The ordinary 
plumber’s tapered thread can, with care, be made to hold 
up to several thousand kg. /cm. 2. Such connections demand 
considerable care, however, and are likely to go wrong in 
use. I personally have seldom been in a situation where I 
have felt that the initial saving of effort has justified their 
greater liability of failure. Barus ^ invented an interesting 
modification of this idea, his so-called tinned screw.” A 
carefully cut steel screw is coated with soft solder. If 
the screw is turned home with great force, the solder is 
sufficiently forced into the cracks between the threads to 
withstand pressures up to 2000 kg./cm.^ for a long time. 

A few general comments on the use of solder in making 
connections may be interjected here. Brazed or silver 
soldered connections have a limited usefulness, because of 
the necessary softening of the steel incident to the red heat 
necessary in such soldering. This restricts the use of such 
connections to 3000 or perhaps 4000 kg./cm.^. Soft soldered 
connections have a somewhat wider application in the low- 
pressure parts of the apparatus. The strength of the soft 
solder is itself very low, so that the parts must be so designed 
that the solder is contained in narrow cracks, supported as 
far as possible by the surrounding strong metals. In making 
such a connection, the pipe and the part into which it screws 
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are first both carefully tinned, and then screwed together 
hot, so that the solder fills all the empty spaces. Such a 
joint will eventually fail, perhaps after continued use for 
many years, by the solder pushing out of the crack like a 
viscous liquid. The length of time that such joints will 
last at 1000 kg./cm.* is so great, however, and the incon- 
venience of renewing the connection so in- 
considerable, that I use this type of connec- 
tion regularly with brass and copper parts 
for this low-pressure range. If one goes to 
2000 kg. /cm.*, however, the chance of failure 
is so much greater that some more permanent 
type of connection is usually justified. For 
example, there is on the market in America 
a Bourdon pressure gauge made by a well- 
known manufacturer, calibrated and de- 
signed for 2000 kg. /cm.*. The connections 
to the spring of the gauge are made with 
soft solder, and although the gauge always 
passes the test of the manufacturer, it in- 
variably fails after a few weeks of use, so 
that I have always had to replace the solde; 
with a packing, using the principle of the 
unsupported area. 

Returning now to the question of con- 
„ venient forms of pipe connection, the inter- 

nection for quick nal and external cone arrangement, pulled 
assembly at low together with a right- and left-handed screw, 
shown in fig. 5, is useful for connections up 
to 1000 kg./cm.* that have to be taken apart rather often. 

The double-cone arrangement of fig. 6 is one of the most 
convenient methods of making connections to steel pipe. 
The double cone of hardened steel A is pressed firmly into 
the ends of the pipe by a suitable screw arrangement. The 
pipe need receive no treatment except to be dressed flat 
with a file and threaded to receive a flange. The hole in 
the double cone must be considerably smaller than the hole 
in the pipe, in order that the cone may actually enter the 
pipe. The pressure applied with the screw drawing the pipes 
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together is great enough to cause considerable flow around 
the tip of the cone, so that the local stresses are high. 


This practically limits the application of 
the method to steel tubing. The small 
areas of contact involve the advantage 
that the screw parts need not be as heavy 
as in many other schemes. Theoretically 
this connection has the disadvantage that 
the higher the pressure the greater the ten- 
dency to leak; but, nevertheless, because of 
the unusual smallness of the bearing sur- 
faces, it is capable of use over an extended 
pressure range. Personally I have not used 
it perhaps as much as I might, because I 
have not been invariably successful with it. 
I have lost track of the origin of this device ; 
it probably originated in the Fixed Nitro- 




Fig. 7. — Pipe connection for 
the highest pressures. 


gen Laboratory Fig. 6.— Simple form 

after the war, at of pipe connection 
' for steel tubing. 

any rate it has 

been extensively used there for gas 
pressures up to 2000 kg./cm.^. 

Another connecting device, with 
which I have had no direct ex- 


perience but which should be con- 
venient under many conditions, is 
a sort of cross between the arrange- 
ments of figs. 5 and 6, and is de- 
scribed in a paper from the Geo- 
physical Laboratory by Johnston 
and Adams. ^ 

The method of pipe connection 
which I believe is capable of the 
greatest range, and which I have 
consistently used above 6000 kg., 
applies the principle of the unsup- 
ported area in a somewhat modified 


form. This is shown in fig. 7. It does not apply to 


drawn tubing, but the tube must be drilled from the solid 
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rod and machined to the required dimensions. Only in 
this way is it possible to make tubing of the highest 
grades of alloy steel and give them the most suitable heat 
treatment. The packing consists of three rings, two of steel, 
A and C, and one of lead, B. The ring C pushes against a 
conical shoulder D. The annular space of triangular section 
E is empty. The ' unsupported area ' in this case is the 
entire back surface of the riiig C. The ring is crowded by the 
pressure into contact with the shoulder and out against the 
containing walls, in such a way that the intensity of pressure 
in the regions of contact is greater than the intensity of pressure 
in the liquid. This evidently demands some flow in the steel 
ring, and in fact this part of the packing does not begin to 
function until a pressure of 5000 or 6000 kg./cm.^ is reached. 
The function of the lead ring B is to provide tightness until 
the pressure of flow of the steel is reached. With continued 
use the ring C is gradually forced into the space E, until it is 
squeezed out to a knife edge. When flow to this extreme has 
taken place there is no unsupported area left; the packing 
may now leak and the rings should be renewed. It is obvious 
that the rings must be of softer steel than the pipe, that the 
conical surface must be smooth, and that the rings must be 
a good enough fit so that the lead washer may receive a 
sufficient amount of initial compression. These conditions 
are easy to attain, and I have found the method very con- 
venient in practice. To facilitate the removal of the rings, 
they are compressed against the edge of the steel cup F, 
which is threaded to allow its removal, when it draws the 
rings out with it. 

The discussion thus far has been concerned only with the 
packing of stationary parts, but somewhere in a high-pressure 
apparatus there must always be movable parts to be packed. 
If the pressure is produced by a hydraulic intensifier, there 
is in the first place the plunger which operates the low- 
pressure end of the intensifier. This plunger may perhaps 
best be packed with a rather conventional stuffing-box 
arrangement, in which the stuffing material is leather washers 
made a close fit for the hole and the plunger, and restrained 
on all sides by metal parts after the manner of Amagat. 
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These washers must be impregnated initially with a heavy 
grease, such as mutton tallow, until they are soft and flexible. 
In use the grease gets squeezed out gradually, and the washers 
eventually get very rigid and must be replaced by fresh ones. 
The life of a packing like this depends very much on the 
conditions of use. If the liquid to be pumped is, for example, 
a glycerine and water mixture, which does not attack the 
grease in the leather, and if the pressure range is below looo 
kg./cm. 2 , such packing may be used for years. But if the 
liquid (such as kerosene) attacks the grease, and if the 
pressure gets up to 2000 kg./cm.^, renewal must be made 
very much oftener. I have under extreme conditions ob- 
tained 4000 kg./cm.^ with a 
plunger packed in this way. 

Of course such a packing always 
leaks to a certain extent, and 
parts of the apparatus contain- 
ing such plungers must be cut 
off from the rest of the appar- 
atus by suitable valves, so that 
they are exposed to pressure 
only during the actual operation 
of changing pressure. 

To reach the highest pressures 8.— Method of packing the 

® ^ moving piston. 

the principle of the unsupported 

area must be used. Fig. 8 illustrates an arrangement that 
I have found very convenient. The essence of it is the 
mushroom-shaped plug A, which is pushed into the high- 
pressure vessel by the plunger of hardened steel P. The 
stem of the mushroom projects freely into a hollow in the 
end of the piston, and it is this stem that constitutes the un- 
supported area. It is at once evident that the pressure in 
the soft packing, indicated by the shading, is greater than 
the pressure in the liquid in the ratio of the area of the head 
of the mushroom to the area of the annular space on which 
the packing acts. The soft packing, for which soft rubber is 
convenient, is prevented from leaking by discs of soft steel 
and copper, as indicated. The friction in the packing is 
considerable, so that its thickness should be kept low. On 
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a diameter of 0*5 in. I usually use a total thickness of rubber 
of I inch. If this is made in two thicknesses of in., a 
lubricant of a mixture of graphite and vaseline may be 
smeared between the two rubber washers, considerably reduc- 
ing friction. This packing is so very easy to renew that it 
does not pay to try to use it for more than two or three 
strokes of the piston. It is absolutely without leak, and has 
been used in measuring compressibilities, when readings con- 
sistent to o-oooi in. have been obtained. In case pressure is 
lost and the plug sticks, as is often the case, removal of the 
plug is facilitated by a thread on the end of the stem of the 
mushroom. This method of extracting the plug when stuck 
is much superior to another method which I have described 
in several previous accounts of high-pressure technique. The 
limit to which the plug can be used is set by the pinching-off 
effect on the stem of the mushroom. For this reason the heat 
treatment has to be carefully adjusted, and the shoulder at 
the bottom of the stem must not be sharp. With suitable 
grades of alloy steel the pinching-off effect is no serious 
limitation up to pressures of 20,000 kg., and perhaps materially 
beyond. For the very highest pressures I have used on the 
end of the piston a modification of the ring packing of fig. 7. 
This is still in the experimental stage, however, and at present 
suffers from the disadvantage that only the first forward 
stroke can be made without leak. 

Tubing. Most of the essential discussion of tubing has 
already been covered incidentally in connection with the 
packing, but it will be convenient to collect it into one place. 

For pressures up to 1000 kg. /cm. 2, such as are employed in 
the low-pressure end of the intensifiers with which the higher 
pressures are attained, copper tubing of 6 mm. outside 
diameter and 1-5 mm. inside diameter, or with a similar 
ratio of inside to outside diameter, is most convenient, 
because of its flexibility. For pressures from 1000 up to 
perhaps 4000 kg./cm.^ a hard-drawn carbon steel tubing of 
approximately 0*50 per cent, carbon content, and a ratio 
of outside to inside diameter of about 5 to i may be used 
with the type of connection of fig. 3, and with the connection 
of fig. 6 to perhaps 6000 or possibly 7000 kg. /cm.*. Higher 
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pressures may doubtless he attained with some of the drawn 
tubing of a|l()y steel now available, but my direct experience 
with such tubing is limited. For considerably higher pressures 
the tube must be of alloy steel, drilled from the solid rod, and 
heat treated. For security the ratio of outside to inside 
diameter should be as large as possible; in my most usual 
tubing the ratio is ten to one, the outside diameter being 
1*25 inches, and the inside 0*125. is not nearly as difficult 
as might be supposed to drill such long holes as are required 
for this tubing. 'I'he rod to be drilled is rotated in the lathe 
against the stationary drill. The speed of rotation must be 
high. Very accurate starting of the drill is, of course, 
essential. After the drill has penetrated a sufficient distance 
to guide itself, the back stop of the latJie should be entirely 
removed, and the drill fed in by hand with a suitable handle. 
Only in this way is it possible to remove the drill often 
enough to keep the hole free from chips. If the drill is kept 
well lubricated and the hole free from chips, a J-in. hole 
may be easily drilled at the rate of 6 or 7 in. per hour, and 
a hole o'oqo in. in diameter at the rate of 3 in. per hour. 

Glass tubing has often been used in pressure measurements 
at comparatively low pressures. Several hundred kg./cm.- 
may be attained in heavy glass capillaries without difficulty, 
and there is the extreme record by Heydweiller of a pressure 
above 3000 kg./cm.‘^. Glass suffers, however, from the dis- 
advantage of great unreliability; it will often break for no 
apparent reason at a low pressure after its succes.sful use at 
a much higher pressure. Its use should be avoided wherever 
possible. When necessary, connections to glass tubing may 
be made with some cement, such as sealing-wax or marine 
glue, a bulge of some sort being preferably blown on the 
tube to with.stand part of the tendency of the pressure to 
expel the tube from the high-pressure vessel to which it is 
attached. 

Miscellaneous Problems of Technique. A convenient way of 
systematising the remaining problems of technique will be 
to describe a typical high-pressure apparatus, referring in 
detail to the various parts. A section of the principal parts 
of the high-pressure part of such an apparatus is shown in 
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Fig. 9. — General assembly, showing the cylinder, above, in which pressure 
is produced by the advance of a piston driven by a hydraulic press, the 
connecting pipe, and the lower cylinder adapted to the particular 
experiment. 
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fig. 9, and a photograph of a typical high-pressure installa- 
tion, with various appurtenances connected with the thermo- 
stated bath, in fig. qa (Plate I). The part of the apparatus 
subject to the high pressure consists of three principal parts — 
an upper cylinder A, in which pressure is produced by the 
descent of a plunger P, a connecting pipe B, and a lower 
cylinder C, in which the experiment of the day is set up. 
The lower cylinder changes from experiment to experiment, 
the rest remains fixed. The upper cylinder contains two 
important attachments. Near the upper end there is a side 
connection to an auxiliary pressure generator by which an 
initial pressure of 2000 or 3000 kg./cm.^ may be produced in 
the apparatus before the high-pressure piston starts to descend. 
The function of the initial pressure is to permit the attainment 
of the maximum pressure in a single stroke, with a larger 
capacity in the lower cylinder than would otherwise be 
possible. The apparatus is limited to a single stroke, and the 
compressibility of the transmitting liquid sets a very definite 
limit to the capacities that can be employed, the volume loss 
of the transmitting liquid under 12,000 kg./cm.^ varying 
from 25 to 30 per cent. The initial pressure at the upper 
end is led in through a very narrow by-pass, made either 
by drilling a very small hole in the screw plug D, or else 
by making a fine longitudinal scratch across the threads of 
this plug. After the initial pressure is produced the main 
plunger is actuated, moving over the by-pass and cutting 
it off. 

The second attachment in the upper cylinder is the pressure- 
measuring gauge, which is attached through E, and which will 
be described in greater detail later. 

The upper cylinder has to be subjected to a special treat- 
ment before it is suited to continued use at high pressure. 
The scale is sufficiently shown in the figure. The outside 
diameter is of the order of nine times the inside diameter. 
The dimensions which I usually use are about 0 5 in. for the 
inner diameter and 4 5 in. for the outer. The cylinder is 
subjected to a preliminary application of pressure higher than 
that at which it is intended to use it in order to season it. 
This involves making the inner hole at first somewhat smaller 
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than the final size. The procedure is as follows : The 
cylinder is machined from an annealed piece of a suitable 
alloy steel. I have used a chromium-vanadium steel of the 
type known in America as type D. A typical analysis is: 
Cr 0*93, Mn 0*68, C 0*51, Si 0*23, Va o-i8, S 0*010, P 0 008. 
I'he steel which I have found most successful is a product 
of the electric furnace. This makes it somewhat more ex- 
pensive, but the chances against internal flaws are so much 
greater that the difference in cost is worth while. There is 
nothing more exasperating than to spend a great deal of time 
and labour in machining and treating a piece of high-pressure 
apparatus, and then to have it fail because of some minute 
flaw deep in the body of the ingot which cannot be detected 
by any ordinary means. The first machining of the cylinder 
should leave the inside diameter somewhat under size, 
perhaps in. if the final size is to be | in. The steel is then 
hardened and drawn by a suitable amount, so as to leave the 
steel with high tensile strength, but still capable of a fair 
degree of elongation before rupture. The steel that 1 use is 
drawn back to a Brinell hardness of 400. After drawing, the 
upper hole in the cylinder is subjected to a seasoning applica- 
tion of pressure by filling the hole with lead, and exerting 
pressure on it with a plunger until the interior takes a per- 
ceptible set. The purpose of the preliminary stretching of 
the cylinder is to increase the elastic limit by producing in 
it a distribution of internal stress, which will be explained in 
greater detail in the next chapter. The amount of stretch 
must be judged somewhat by experience, and the pressure 
for which the cylinder is ultimately destined. If the pressure 
range contemplat ed is 12,000 kg./cm.^, it is not necessary to 
go beyond 20,000 kg. /cm. 2; under these conditions the 
stretch o ' the interior is such as to leave the inside diameter 
still well below the desired | in. If the cylinder is to be 
used to a higher pressure, greater initial pressures must be 
applied. The cylinders which I have intended for 20,000 
kg./cm.^ have been stretched to 30,000, but there is consider- 
able uncertainty of getting the desired results at these very 
high pressures, and one must be prepared for disappointment. 
Such high preliminary pressures are likely to start obscure 
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VlG. *)A. — ^ typical liij^li-pri's^ure installation, riic tank, 
motor and stirrer, bunsen burner.s. etc . are appurtenances tor main- 
taining the lower cylinder at constant tenpieratiire. In use, the 
tank surrounds the lower cylinder. 
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flaws in the interior, and even if no such flaws are encountered, 
the raising of the elastic limit by such a pressure is only more 
or less temporary. The final experiments must be made as 
soon as possible after the treatment, and one must be pre- 
pared to find that the cylinder has a short life. After 
stretching, the hole is enlarged to the final size, | in. for the 
comparatively low pressure ranges, or the minimum necessary 
to leave the hole completely cylindrical if the cylinder has 
been considerably stretched by a materially higher pres- 
sure. Even for use at 12,000 kg./cm.^, one cannot expect 
the stretching process to be absolutely permanent, but the 
cylinder very slowly becomes larger in continued use, and at 
long intervals the hole must be further enlarged. I have for 
this purpose a set of reamers in steps of o'oio in. 

Sometimes, after stretching the upper part of the cylinder, 
which during the stretching is shut off from the other parts 
by a plug in the bottom of the hole, it may be desirable to 
stretch the two lower holes for the pressure gauge and the 
bottom pipe connection. Lead cannot be used for the second 
stretching process, but a liquid, such as a mixture of water 
and glycerine; furthermore, the regular packing must be used 
on the piston, whereas for the original stretching with lead 
a simple cupped packing of steel is sufficient to prevent the 
lead from leaking. This stretching of the two lower holes is 
not usually necessary, however, since obviously the demands 
of accuracy in the hole which contains the moving plunger 
are much more exacting than in those holes which carry 
stationary parts. If the lower holes should stretch in use, 
it is easy to enlarge them by a small amount if necessary. 
The only real difficulty that arises from the stretching of the 
holes for stationary attachments is that if the stretch goes 
too far the connecting pipe is not a close enough fit, and the 
steel packing rings are in danger of blowing out through the 
annular space. However, there is considerable latitude here. 
I have one cylinder in which the stuffing gland for the pipe 
has gradually stretched to o-8oo in., whereas the end of the 
pipe which should fit it is 0*750 in., making a crack 0*025 in. 
wide. A packing ring of ordinary mild steel would be blown 
out through a crack of this size, but by making the rings of 
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alloy steel, and drawing back to a temperature considerably 
in excess of that to which the cylinder or pipe is drawn, I 
have been able to reach 12,000 kg. /cm.* without difficulty. 
There is, however, a limit to the use which can be made of 
hardened packing rings, in that the rings must obviously be 
softer by a very material degree than the pipe against which 
they are forced. 

The connecting pipe and the lower cylinder are not usually 
subjected to a preliminary stretching, although occasionally 
such treatment may be desirable for the lower cylinder. 
The connecting pipe has already been sufficiently discussed, 
and will not be described further here. The lower cylinder 
varies somewhat with the particular experiment, and will be 
discussed later under the special technique required for the 
different sorts of measurement. 

The high-pressure plunger has to be made of an entirely 
different grade of steel from the rest of the apparatus, since 
it is subject to a different sort of stress. This plunger is 
best made of some steel capable of extreme hardness, such as 
the steel from which ball-bearings are made, and should be 
left glass hard. It is surprising how much compressive 
stress such a steel in the glass-hard condition can stand if 
it is so supported that the compression is applied absolutely 
uniformly, with no tendency to buckle or side motion. I 
have with one steel reached compressive stresses of 750,000 
lb. /in.*. In order that the force on the plunger should be 
without a sidewise component, it is necessary that the press 
by which the plunger is actuated should be made with as 
great accuracy as possible, taking great care that the centre 
lines of all parts are true. If by any chance the plunger 
should break, the rupture will occur with great suddenness, 
and parts are likely to be projected with considerable violence. 
Once a small piece flew out of such a plunger with sufficient 
velocity to drill a clean hole through an adjacent window, with 
no cracking of the surrounding glass, exactly as a rifle bullet 
might have done. For this reason it is always advisable to 
surround the hardened piston with a sheet-metal shield of 
sufficient thickness to guard against such flying fragments. 

The appliance by which the plunger is pushed into the 
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high-pressure chamber may be made to suit the personal 
taste of the user. In the early days of high-pressure work, 
the plunger was almost always driven by some sort of a screw, 
and pictures may be found in the literature of enormous 
capstan-like arrangements which required the whole force 
of one or two men to operate. These arrangements are very 
cumbersome, however, and, furthermore, if the screw is used 
to a pressure approaching the capacity of the steel, are very 
inefficient. My early plunger was driven by a screw, and 
when near the limit of the apparatus, which was 6000 kg. /cm.*, 
the screw was delivering to the plunger only 5 per cent, of 
the energy applied. There can be no question that some 
sort of a hydraulic press is to be preferred from every point 
of view for driving the plunger. The figure illustrates the 
arrangement which I have myself found convenient. The 
main piston of the press F is 2-5 in. in diameter, which, 
operating on a high-pressure plunger P of 0-5 in. diameter, 
gives a multiplication of twenty-five fold. This 2-5-in. 
piston is driven by a hand-pump of the Cailletet type capable 
of 1000 kg./cm.*, so that with no allowance for friction the 
pressure attainable in the high-pressure part is 25,000 kg./cm.*. 
As a matter of fact, the friction with the design of packing 
shown later in fig. 14 cuts this maximum down by about 
2000 kg./cm.*. The 2-5-in. piston is packed with the same 
type of mushroom packing as the high-pressure piston. The 
only particularly novel feature about the large piston is 
that it is threaded for its entire length, and provided with a 
nut heavy enough to stand the maximum pressure. For 
simplicity in drawing, the nut is not shown in fig. 9. This 
nut can be set when the piston has reached any desired point, 
and in this way the high pressure is retained even if the low 
pressure should be lost. It is somewhat paradoxical that 
the low pressure is always more difficult to retain without 
leak than the high pressure. The reason for this is that the 
low-pressure part of the apparatus must always have certain 
valves for convenience of operation, to which the principle 
of the unsupported area cannot be easily applied, so that 
there is almost always some slight leak in the low-pressure 
end. Because of the thread, it is necessary to guide the end 
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of the low-pressure piston to prevent side motion, with 
consequent buckling of the glass-hard, high-pressure piston. 
This guiding is conveniently done with a plate of brass, also 
not shown in fig. 9, attached to the lower end of the piston, 
and sliding on the tie rods of the press, which must evidently 
also be accurately aligned. All the low-pressure parts of 
the press may be made of ordinary mild steel. To prevent 
the glass-hard piston P being forced into the end of the 
soft steel piston, an interposed block of hard steel G is 
necessary, sufficiently indicated in the figure. A further 
attachment to the low-pressure part of the press, which is 
so convenient as to be almost indispensable, is some method 
of withdrawing the piston after the end of the stroke. This 
is particularly necessary if by some accident the pressure 
should be lost from the high-pressure part and the piston 
left in the hole with no pressure to drive it out. The with- 
drawal of the piston is conveniently accomplished with 
another smaller cylinder, not shown, in my case 0*875 in. 
inside diameter, mounted coaxially with and back to back 
to the 2-5-in. cylinder. The piston of the smaller cylinder 
is connected with tie rods and yokes to the large piston. 
After the termination of the forward stroke, the pressure 
from the hand-pump may be transferred by a suitable 
arrangement of valves to the smaller cylinder, while the 
larger cylinder is open to the atmosphere, and the large 
piston withdrawn by the advance of the small piston. 

Low-pressure Pumps. If the high-pressure piston is ad- 
vanced by a hydraulic press instead of a screw, some sort 
of pump for its operation will be necessary. There is not 
space in this book to go into the design of low-pressure pumps 
in any detail. There are a number on the market sufficiently 
good, such, for example, as the Cailletet pump of the Soci^te 
Genevoise, capable of 1000 kg./cm.*. There are, however, 
a few general remarks worth making on the subject. The 
connections which are usually found with commercial high- 
pressure outfits are some sort of soft-soldered joint, or else 
some variety of the brute-force connection. These will last 
for a time, but it has been my experience that they eventually 
give out, and that I have had to replace them with '*un- 
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supported area"' packings. In the pumps of my own design, 
made in the shops of the laboratory, this design of packing 
and connection is used wherever possible. There are, how- 
ever, a couple of places where this is not possible. The 
moving plunger must be used so often that some other packing 
of the stuffing-box variety must be used. There is also the 
question of the valves, an inlet valve to the chamber in which 
the plunger operates, and the outlet valve from this same 
chamber. I have never had a valve that is entirely satis- 
factory. The valve supplied by the pump with the Societe 
Genevoise is a conical valve of hard rubber. This works 
well for a time, but after much use gradually gets squeezed 
down into the lower end, where it sticks, and eventually 
breaks. I have used a conical valve of copper in place of 
this with rather good results; or a ball valve works fairly 
well. Probably everyone who has much experience with a 
pump of this kind will have his own try at designing a valve, 
and he will doubtless succeed in getting many forms that 
appear for a long time to have solved the problem, and then 
suddenly something inexplicable will go wrong, and the 
pump will be out of commission for days. Probably the 
greatest single enemy of an efficient valve is dirt in the 
pump liquid. The most extravagant precautions in strain- 
ing the puinp liquid will be well rewarded. But even perfect 
straining will not completely solve the problem, because it is 
not possible to entirely prevent fragments detaching them- 
selves from the leather packing of the plunger and sticking 
sometimes to the valve scats. The inlet valve is the one 
which I have found to make almost all the trouble. 

For a pump liquid I have found a mixture of two parts 
glycerine and one part water satisfactory. It has the 
advantage over a lubricating oil, which is also used by many 
experimenters, that it does not attack any soft rubber 
packings, which are rather convenient to use in applying the 
principle of unsupported area. 

Valves. Besides the automatically operating valves neces- 
sary in the pump discussed in the last paragraph, other 
valves in the low-pressure part of the apparatus are very 
desirable for deflecting the pressure first to one part of the 
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apparatus and then to another, as from the lower cylinder 
to the upper cylinder of the hydraulic press, in this way 
avoiding the necessity for a plurality of pumps. A very 
convenient principle to use in such valves is that of a hardened 
steel point pressed into a small hole in softer steel. An 
example of such is shown in fig. lo. Such a valve is obviously 
bilateral. The hardened point with which the hole is cut off 
has to be packed with some packing that will permit its 
motion. The simple arrangement of leather washers indi- 
cated in the figure is one that I have found convenient. Such 



a packing can be made to stand pressures of several thousand 
kg. The point may be forced into the hole with a force 
up to the elastic limit of the steel, so that on the other side 
of the point, when the valve is shut, it is possible to confine 
considerably higher pressures than can be used on the low 
side. I have used such valves up to 7000 kg./cm.® on the 
high-pressure side, and have no reason to think that they 
may not be carried considerably farther, since similar devices 
have been carried higher. For instance, a hardened point 
pressed against the open end of a pipe is a simple and rapid 
method of plugging off part of the apparatus which might 
happen temporarily not to be wanted. Combinations of 
valves of this type may be mounted together in the same 
block, connected in various ways according to the job in 



GENERAL TECHNIQUE 


51 


hand. I have a combination of three in a single block, 
which is very convenient for operating with a single pump 
the two cylinders of the hydraulic press and also the inten- 
sifier, by which pressure is fed into the by-pass at the upper 
end of the high-pressure cylinder, and which will be described 
in a later paragraph. 

Technique of Insulation. A great many times it is 
desirable to get electrically insulated leads into the pressure 
chamber. It is obvious that in order to do this the insulating 
substance must somewhere be exposed to a stress gradient, 
determined by the maximum pressure, and that therefore 
rather severe demands are put on the strength of the insulating 
material. Insulating materials in general do not possess a 
high degree of mechanical strength, having either a low flow 
point, if they are like rubber, or else being brittle, if like 
glass. It has proved to be a matter of considerable difficulty 
to make an insulating connection that will satisflictorily 
withstand the highest pressures; everything depends on the 
design, which must be such that the steel parts afford the 
maximum assistance to the insulating material. On the 
other hand, insulating connections for low pressures can be 
made with comparative case. 

For pressures up to as much as looo kg./cm.^ or so, a 
perfectly satisfactory insulating electrode can be made with 
any of the ordinary cements, such as sealing-wax or de 
Khotinski cement. The insulated rod may most con- 
veniently be surrounded with a bushing of glass tubing, 
which is thrust over the rod wdien filled with melted cement. 
The rod must also be prevented from pushing out of the 
pressure chamber by some sort of a head. Since resistance 
to leak is here afforded primarily by the resistance of the 
cement to shearing stresses, the thickness of the layer of 
cement should be as little as possible, and its length as great 
as possible. There are doubtless many other arrangements 
convenient for a few hundred kg./cm.^. Professor Keyes of 
the Massachusetts Institute of Technology has a simply made 
device, using a low melting glass instead of the softer cement. 

A connection capable of reaching considerably higher 
pressures is the inverted cone connection of Amagat, shown 
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in fig. II. The insulation is here a thin conical shell of ivory, 
shown shaded in the drawing, between the electrode and the 
body of the pressure vessel. The principle of the unsupported 
area is effective here to a certain extent, because the pro- 
truding electrode is unsupported, and the pressure in the 
ivory is greater than the pressure in the 
liquid. The parts of the apparatus must 
evidently be machined with considerable 
exactness to prevent initial leak, and for 
this reason it is somewhat difficult to make. 
Amagat used it successfully to 3000 kg./cm.^. 
This is about the limit of its use, however, 
because at materially higher pressure the 
ivory is extruded between the electrode and 
the containing vessel into a tube. Con- 
siderable search on my part has failed to 
disclose any substance easy to machine and 
capable of reaching materially higher pres- 
sures than ivory. I have used most of the 
things that readily suggest themselves, such as various bakelite 
and celluloid materials, and also a great variety of bones, in- 
cluding the anvil bone of the ear of the manatee or sea-cow, 
which a physiologist assured me is the hardest substance in the 
animal kingdom. Bone, by the way, is not suitable for use 
as an insulator at the highest pressures, even in parts of tb 
apparatus where it is exposed only to hydrostatic pressure 
all over, and therefore is not called on to stand any mechanical 
strain, because the small amounts of water which it contains, 
and which cannot be removed by any process of heating in 
vacuum, are expelled by the pressure and introduce a small 
but appreciable amount of conductivity. 

After much experimenting I have finally adopted the form 
shown in fig. 12, or some modification of it, for the highest 
pressures. The essential parts of the packing are the washers 
of mica A, which are the nearest to the outside, and are 
called on to stand the brunt of the mechanical stress. Tight- 
ness against leak is provided by the packing of soft rubber 
B above the mica. This rubber is made somewhat too large 
for the hole initially, and for this reason is tight, in addition 



Fig. II. — Arnagat’s 
method of in.sulat- 
ing electrodes with 
an ivory cone. 
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to being compressed by the unsupported area of the stem 
of the electrode. I'lie area of the stem is not a very large 
fraction of the area of the mica washers, however, so that 
the advantage gained from the principle of the unsupported 
area is not as great here as in most other places. In fact, the 
advantage at the highest pressures might not be great enough 
to overcome the greatly increased rigidity of the rubber at 
high pressure, so that if the rubber n 

were not made initially enough larger ^ 
than the hole to allow for the volume ® 

compression, it would shrink away S' ^ 

from the walls of the hole and leak 
would ensue. Above the soft rubber [ ^ 

there is another thickness of mica C, v — * — < 

or any other conveniently worked in- > S 

sulating material, by which the force ^ / 

tending to expel the electrode is trans- \ \ 

mitted to the rubber. A very impor- ^ ^ 

taut feature is the thin washer of steel ^ ^ 

S at the bottom of the rubber pack- 
ing; the function of this is to prevent 

the rubber from extruding the mica as 

a cylindrical tube. A convenient ring Ti" " f 

of steel R, fitting into a conical seat L 5 _ xL 

on the washer S, prevents the rubber 
from squeezing between the stem and 

S. It is evident that the greatest Fig. 12. — insulated elect- 
stresses in the mica are at the unsup- rode^for the highest pres- 

ported annular ring D ; this ring should 

be made as narrow as possible consistent with safe insulation. 
This may involve drilling the steel plug with an inconveniently 
small hole; to avoid this difficulty in construction the plug 
may be drilled with a hole of convenient size, and the an- 
nular space made smaller with a di.se of steel E placed in the 
bottom of the hole, as indicated. 


Such a plug, carefully con.structed, is capable of a great 
many applications of 12,000 kg./cm.^, and of a fair number 
of applications of 20,000 or even more, but failure eventually 
takes place along the cone of shear indicated by the dotted 
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lines, the mica is reduced to a powder, which is expelled 
through the annular space, and insulation fails, usually by 
bending of the electrode, so as to come into contact with 
the steel walls. This insulating plug is the least satisfac- 
tory part of the high-pressure apparatus. It may be possible 
to improve it by the use of some insulating substance 
materially stronger than mica. In small sizes it may be 
possible to use such things as sapphires, and I am at present 
working on such a design, but it is too early to know the 
results. 

In fig. 12 the electrode shown is turned in a single piece 
from alloy steel and heat treated. This is the most con- 
venient method if the electrode is of some size, such, for 
example, as o*o6 in. in diameter at the stem. But if the 
electrodes must be made smaller, as is necessary when 
mounting three or more electrodes in a single plug, machining 
the slender stem of the electrode is not convenient, and I 
have used instead the proper size of piano wire, which is 
suitable because of its great mechanical strength. To pre- 
vent the wire from being expelled it must be attached to a 
head of some kind, analogous to the head turned on the solid 
electrode of fig. 12. If the wire is too large to bend readily 
to a small radius, the head may be a split cone affair. I have 
used this arrangement with wire of 0*035 in. in diameter. 
If the wire is small enough to be more readily bent, 0*015 
in diameter, for example, it may be more easily attached to 
a head by threading through holes or notches in a steel piece 
in a way that will readily suggest itself. Before use in the 
high-pressure apparatus, the piano-wire stems should be 
tested in tension; the head should be able to stand up to 
90 or 95 per cent, of the tensile strength of the steel without 
pulling off. If the head is not firmly attached the wire will 
be pushed through it by the pressure, and expelled with 
considerable violence. There is always danger of the stem 
of the insulating plugs being expelled, even if the original 
assembly is without fault, because as the mica washers 
gradually shear through, the stem becomes exposed to bend- 
ing and shearing strains, under which it sometimes breaks 
loose from the head and is then expelled. It is well to protect 
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all such stems with a heavy plate of steel, so placed as to 
catch them in case of expulsion. 

There is another source of failure in the insulating plugs — 
namely, failure of the rubber packing. The highest pressure 
must be transmitted by a liquid which does not freeze or 
become too viscous under pressure, and, in addition, wherever 
electrical measurements are involved, must be an electrical 
insulator. There seem to be no such liquids which at the 
same time do not exert some solvent action on the rubber. 
The transmitting liquids which I usually use are kerosene, 
if a moderate amount of viscosity is no disadvantage, or 
petroleum ether, if freedom from viscosity is more essential. 
Either of these attack rubber; the rubber packing in fig. 12 
softens and swells under the action of the liquid, so that 
sometimes the electrode rises above the edge of the plug, or 
else the deteriorated rubber fails mechanically. It is more 
or less of a gamble as to whether the rubber or the mica will 
fail first. Attack of the liquid on the rubber may be minimised 
by melting around the upper part of the stem some thick 
grease, such as a mixture of vaseline and beeswax, by which 
access of the transmitting liquid to the rubber is hindered. 
But any such protecting coating goes into solution in the 
transmitting liquid, so that if the pressure run is at all long 
the protection disappears. This is particularly the case at 
temperatures materially higher than room temperature. A 
great deal can be done by selecting the best grades of rubber. 
Recently there has been developed in the automobile industry 
a rubber for the tread of tires which has considerable resistance 
to the action of oils, and at the same time has sufficient soft- 
ness; this is perhaps the best rubber that I have found. 
There are other grades made especially to resist the action 
of oil by impregnating the rubber with glue, which are also 
good, but these are likely not to be as flexible as desirable. 

At high temperatures I have not succeeded in devising any 
direct method of getting electrically insulated connections 
into the pressure chamber; the device above must evidently 
fail at temperatures above 150° C., where the rubber chars, 
and in fact the design of fig. 12, cannot be carried much above 
100°. For use at higher temperatures, some indirect device 
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is necessary in which the insulating plug is in a separate 
chamber, kept cool, and the leads pass from this cool chamber 



through the connecting pipe to the hot 
chamber. At high temperature the lead 
rings of the pipe packing may be success- 
fully replaced by copper. 

Intensifler. A very convenient appliance, 
useful in many manipulations, is some com- 
pact and light device by which pressures 
can be attained above the range of the 
hand-pump, and below the pressure of the 
high-pressure part of the apparatus. For 
example, such an appliance can be used to 
prime the high-pressure cylinder through 
the by-pass at the top to an initial pressure 
of 2000 kg. or 3000 kg./cm.*. For this I 
have used a simple arrangement which I 
have called an intensifler, which gives pres- 
sures up to 4000 kg./cm.*. It is nothing 
but a hydraulic press, with two pistons of 
four to one ratio, mounted together in a 
single cylinder. The design is sufficiently 
indicated in flg. 13 ; no extended description 
will be given. The packing of both pistons 
is the conventional unsupported area piston 
packing. An inconvenience of the intensi- 
fler is that no speciflc provision is made for 
the return stroke. This may be done in 
several ways; a simple method is to un- 
screw the connection at the small end and 
force the plunger back in an arbor press. 


Fig. 13. — The in- Some such arrangement as this is almost 
p^t ^'angement necessary in those cases in which the 
for stepping up high-pressure apparatus is to be filled 
with some liquid different from the liquid 
of the hand -pump. It is, for example, 
impractical to use such a liquid as petroleum ether in 
the hand-pump, although such a liquid is necessary in the 
high-pressure part of the apparatus if pressures as high 
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as 12,000 kg. /cm.* are to be reached at a temperature of 
o^ C. 

Glass Windows. For many purposes it is desirable to 
be able to examine optically the inside of the pressure 
chamber. The problem, however, is a difficult one, because 
of the very low strength of glass, or any other available 
transparent material, compared with steel, and the fact that 
glass is likely to receive internal strains, so that after several 
applications of pressure the breaking stress may be a small 
fraction of the initial value. 

If it is possible to work on a small scale, the whole apparatus 
may sometimes be mounted in heavy glass capillaries, but the 
pressures so attainable are limited to a few hundred kg./cm.*. 
Madelung and Fuchs * used an ingenious modification of the 
capillary by so mounting the apparatus that the capillary 
was exposed to pressure on the outside rather than the inside, 
and the interior of the pressure apparatus was viewed through 
a system of mirrors in the interior of the capillary. The crush- 
ing strength of glass tubing to external pressure is much 
higher than the bursting strength to internal pressure. How- 
ever, the difficulties of making a tight connection between the 
glass and the steel are serious, so that in actual use Madelung 
and Fuchs did not go higher than a few hundred kg./cm.*. 

For pressures of a looo kg./cm.* or more some form of 
window, supported as well as possible by the steel parts of 
the apparatus, appears to be necessary. The first arrange- 
ment was due to Amagat, who used a cone, packed with 
ivory, in very much the same way as his insulated electrodes. 
The pressure range of this was not much over 1500 kg./cm.*; 
at this pressure the windows fail in a curious way by separat- 
ing into thin plates parallel to the plane faces. Wahl * im- 
proved the design by inverting the cone, so that the large 
end is outside, and using a double cone packing of red fibre, 
forced by the pressure into the space between the window 
and the steel walls. With this arrangement he reached 
pressures as high as 4000 kg./cm.*; the manner of failure 
was the same as in Amagat 's arrangement. 

Higher pressures may be reached, and the laminar method 
of failure avoided, if the window is given a straight cylindri- 
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cal form rather than the form of a cone. The problem of 
packing the glass cylinder then must be reopened. In the 
apparatus used by Miss Wick in my laboratory for measuring 
optical absorption, the packing was done by an arrangement 
of soft rubber tubing. With this, pressures as high as 12,000 
kg./cm.* were reached, although the actual experiments 
were to much lower pressures. After this, Poulter ® made 
the interesting discovery that no .packing at all is necessary, 

provided the plane surface of the 
glass window is made sufficiently 
flat. Fig. 14 illustrates an arrange- 
ment used by Collins ® in my labo- 
ratory employing the packing-less 
window of Poulter. The abutting 
surfaces of steel and glass are made 
optically flat ; evidently under these 
conditions there can be no leak, be- 
cause the intensity of stress on the 
bearing surface is greater than the 
hydrostatic pressure, by the prin- 
ciple of the unsupported area. In 
practice it is convenient in handling 
to stick the window to the steel 



Fig. 14.— Pouiter’s packing- initially with a very thin layer of 
by Collins. Canada balsam. With this arrange- 

ment Poulter states he has reached 
30,000 kg./cm.*, but the most that I have been able to reach 
is 12,000, the same as with the rubber-packed arrangement, 
and more usually something in the neighbourhood of 6000. 
Rupture occurs in a curious way on hemispherical surfaces 
indicated by the dotted line in the figure. Reflection shows 


that the distribution of stresses in the rubber-packed and 
the packing-less windows is the same, so that the packing- 


less arrangement should have only the advantage of greater 
simplicity. There is a source of uncertainty not yet cleared 
up in the fact that all of Poulter's high pressures were 


reached in an oil as transmitting medium, which may freeze 
under pressure. Poulter reached no higher pressures than 
I when the transmitting medium is water. 




GENERAL TECHNIQUE 59 

The strongest material yet found for the windows is an 
ordinary greenish plate-glass containing considerable ifon. 
Collins, however, found this opaque in the infra-red, and 
for his purpose was forced to use pyrex, which, unfortunately, 
has much less mechanical strength. Quartz, either crystal- 
line or amorphous, is distinctly inferior to plate-glass, 
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® John Johnston and L. H. Adams, Amer. Jour. Sci., 31 , 505 (1911). 
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CHAPTER III 


THE MEASUREMENT OF HIGH PRESSURE 

Methods of measuring pressure might have been described 
in the chapter on technique, but so much effort has been given 
to this particular subject, and it is so extensive, that it seems 
better to treat it separately. 

Pressure gauges may be conveniently classified into prim- 
ary gauges — that is, gauges so constructed that the abso- 
lute pressure can be at once approximately found from 
the construction of the instrument itself; and secondary 
gauges, the readings of which can be interpreted into absolute 
pressure only after a proper calibration. 

Primacy Gauges. — By far the simplest and the first to Tie 
used is the open mercury column, in which the pressure at 
any point in a liquid is given directly by the height above 
that point of an open mercury column. The pressures 
measurable with such means are limited by the height of the 
column, and have been restricted in practice to a few hun- 
dred kg. Perhaps the highest pressures reached in practice 
with gauges of this type have been attained by Cailletet ‘ 
and Amagat,® who reached 300 or 400 kg. by utilising a 
deep mine or the Eiffel Tower. There are obviously serious 
inconveniences in such a gauge if it is to be used over a 
range of pressure great enough to necessitate mounting the 
tube that carries the mercury in several sections or the 
equivalent. Cailletet, who used in his early work a high 
hill, had an ingenious scheme by which the mercury was 
carried in a flexible steel tube wound on a reel, which could 
be unrolled by different amounts for different heights. There 
are various corrections to be applied to the direct reading of 
such a gauge — for temperature differences at different parts 
of the column, and also for the compressibility of the mercury. 
This latter correction must be determined by independent 

60 
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experiment, so that in a strict sense this is not a primary 
gauge ; indeed, there is no primary gauge in the strict sense, 
for corrections, even though slight, which demand an approxi- 
mate knowledge of the pressure, must be applied to the 
readings of all such gauges. The corrections to an open 
mercury column gauge are not difficult to apply, however, 
and this sort of . gauge is probably capable of greater per- 
centage accuracy than any of the others. 

The open mercury column evidently becomes impractical 
when extended to pressures of several thousand kg., and 
some radically different method must be designed. The 
device of a number of mercury columns in series, which 
readily suggests itself, and which has been used at Leyden 
and other places in work on critical phenomena at lower 
pressures, is evidently too clumsy for such high pressures. 
There is practically only one type of primary gauge that has 
been successfully applied to pressures above looo kg., 
namely, some form of the so-called free piston gauge. This 
consists merely of a piston directly exposed on one end to 
the pressure to be measured, and so accurately fitted to its 
cylinder that leak is unimportant. The force required to 
keep the piston in place against the expelling effect of the 
pressure is measured in any convenient way, and so the 
pressure is obtained directly in terms of the force and the 
measured cross-section of the piston. The first suggestions 
of this form of gauge go back a hundred years or more to 
Perkins * and Parrot and Lenz.^. Natterer,® in the 1850’s, 
used essentially this. The first extensive use of the gauge 
was by Amagat,® who gave it a very convenient form. A 
novelty of Amagat’s gauge consisted in the use of a second 
free piston to measure the force expelling the high-pressure 
piston. The instrument is shown in fig. 15. A large and 
small piston are mounted coaxially; the small piston is 
exposed to the high pressure, and the total thrust on it is 
transmitted directly to a much larger piston, which is in 
connection with a free mercury column. It is evident that 
when the system is in equilibrium the pressure under the 
large piston is less than the pressure acting on the smaller 
piston in the ratio of the areas, and this ratio may be made 
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so large that a pressure of several thousand kg. may be 
measured with a mercury column a few meters high. One 
great convenience of the apparatus is obvious in that the 
mercury column comes at once automatically to the height 





Fig. 15. — Amagat’s double free piston gauge. (This diagram is copied 
fromAmagat's 1893 paper.) 

required to balance the high pressure. In use, the friction 
of the pistons is eliminated as far as possible by giving them 
a rotary motion immediately before each reading. There 
are evidently corrections to be applied to the cross-seCtions 
of the pistons for the distortion produced by the pressure, 
but these corrections are small. Amagat used this gauge to 
3000 kg. /cm.®; this was about the maximum possible, as at 
higher pressures leak past the high-pressure piston became 
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prohibitively great. Leak was cut down as far as possible 
by using a very viscous liquid — molasses. The gauge never 
came into extensive use; one reason, doubtless, is that it 
demanded unusually accurate construction. I know of one 
attempt to reproduce the gauge in this country, which was not 
successful above 2000 kg./cm.* because of leak. 

There have been a large number of different designs for 
the free piston gauge, and several very careful examinations 
of the theory of their performance,* nearly all, however, to 
pressures of only a few hundred kg. Free piston gauges 
are a commercial article, and are most commonly used 
in the calibration of the more convenient forms of second- 
ary gauge, such as the Bourdon spring. Practically all 
these free piston gauges exert the force on the piston by 
hanging weights on it, thus accounting for the commercial 
name of such gauges, "dead-weight testers.” For the most 
part the differences of design are concerned with the method 
of suspending the weights from the piston, and of giving 
it a rotating motion. This latter feature, following the lead 
of Amagat, has now become universal in all free piston 
gauges making any pretence to accuracy or sensitiveness. 

There are two main variations of the free piston gauge as 
ordinarily made; the first kind is the simplest, in which a 
single piston is used and weights are directly applied to it. 
In the second type, two pistons are used, of slightly different 
diameters, and so mounted as to oppose each other, so that 
the total force measured is a differential effect of pressure 
due to the difference of the two areas. It is immaterial 
whether the two pistons are joined in a single piece, as in 
fig. 16, the appearance being then that of a single piston 
with a shoulder, or whether the pistons are separate pieces 
of steel, joined by an external framework as in fig. 17. The 
manifest advantage of such an arrangement is that the 
equilibrating force for a given pressure is very much reduced 
compared with what would be demanded by a single piston. 
If one tries to achieve the advantage of small weight with a 
small piston by reducing its diameter, two difficulties are 
encountered; the mechanical stiffness of a small piston 
becomes smaller, so that it is difficult to hang weights on it 
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without flexure, and the difiiculty of measuring the effective 
area of the piston with a given percentage accuracy increases 
as the diameter of the piston becomes smaller. 

The most recent work on the free piston gauge is by A. 
Michels.* A certain gauge investigated by Michels up to 
200 kg. has a sensitiveness of 1/120,000; in order to attain 
this sensitiveness the piston must be rotated with a speed 



Fig. 16. — Differential free piston 
gauge, in which the two dia- 
meters are on the same piston. 
The weights are placed in a pan 
hung from the piston by means 
of the screw thread at its lower 
end. 


Fig. 17. — Differential free piston 
gauge, the two diameters being 
on two separate pistons, united 
by an external frame. The pan 
for the weights is hung from the 
hook on the lower part of the 
frame. 


above a certain critical speed, depending on the viscosity 
of the oil and the dimensions, among other things. Within 
the accuracy of the measurements, which was about 1/10,000, 
the effective diameter was the mean of the diameter of the 
piston and the cylinder. Within this limit there was no 
appreciable change of the effective area over the pressure 
range, which a theoretical calculation indicated should not 
be more than 1/23,000. 

The free piston gauge, as conventionally constructed, can 
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probably be used to several thousand kg., the limit being 
imposed by leak past the piston. To reach higher pressures, 
the leak must be avoided by special design. The free piston 
gauge that I have used to pressures of 13,000 kg./cm.*, shown 
in fig. 18, utilises two methods of reducing leak (B. 4). In the 
first place, the piston P is made small, only in. in diameter, 
which has the incidental advantage of cutting down the 
necessary equilibrating force, and in 
the second place the cylinder in which 
the piston plays is so mounted that 
the pressure acts on its external sur- 
face A as well as in the annular space 
between piston and cylinder. The ex- 
ternal pressure contracts the cylinder 
around the piston, and so prevents 
as great an enlargement of the an- 
nular space as would otherwise take 
place. 

For convenience in operation, the 
weights for measuring the force on the 
piston are replaced by stiff springs, not 
shown in the diagram, attached by the 
screw thread B. The force tending to 
expel the piston is transmitted to the 
springs by the plunger C. The springs 
consist of two discs of sheet steel about 
6 cm. in diameter and 2 mm. thick, 
dished to the form of saucers, and 
mounted face to face, in contact around 
the edges. By this method of mounting, relative motion of 
the springs when deflected is avoided, and so frictional effects 
also. The stiffness is such that the deflection under a force 
of 600 pounds, corresponding to the maximum pressure, is 
only about i mm. This small deflection may be read to an 
accuracy considerably better than 0‘i per cent, by a simple 
mechanical and optical magnifying device. In addition 
to the advantage of freedom from clumsiness, the use of 
stiff springs very much lessens the necessary stroke of the 
piston, thereby permitting the unsupported part D of the 



Fig. 18. — Form of free 
piston gauge for high 
pressures. The action 
of the pressure on the 
outside of the cylinder 
carrying the piston 
diminishes leak. 
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piston to be made so short that there is no danger of 
buckling under the end thrust, a danger which would be very 
great because of the unusually small diameter of the piston 
if weights had to be employed. But there is a disadvantage 
in the use of springs instead of weights, in that any force 
determined from the elastic deformation of a spring is subject 
to error from hysteresis and other effects. These errors may 
be cut down by various devices. In the present case the 
design of the springs themselves was arrived at only after 
considerable experiment. Furthermore, the best procedure 
in using the springs was carefully worked out by studying 
the deflection of the springs under dead weights in a speci- 
ally constructed apparatus. It was found that if the weights 
are applied or removed monotonically, a hysteresis loop of 
considerable width is described, but that if before any reading 
in a series with increasing weights the load is run somewhat 
beyond the intended value and then released, and if the 
inverse procedure is adopted for a series with decreasing 
weights, hysteresis effects may be eliminated, the relation 
between force and deflection becoming linear within the error 
of the readings, which was somewhat less than o i per cent. 

The piston is so small that the effective area could not be 
determined with sufficient accuracy by direct measurement 
of the geometrical dimensions. The area was determined 
indirectly by the use of a second free piston gauge with 
piston large enough so that its area could be determined 
directly by geometrical measurement. The two pistons were 
exposed to the same low pressure, and the effective area of 
the small piston determined from the ratio of the forces on 
the two pistons and the known area of the larger piston. 

At high pressures the deformation of the piston produced 
by pressure becomes appreciable, and some correction must 
be applied. There seems no direct way of determining this 
correction, which I found by calculation from elastic theory. 
In view of the smallness of this correction, which at the 
maximum pressure of 13,000 kg./cm.* was only 0-23 per cent., 
the correction may probably be accepted with considerable 
confidence, although if it had been higher there might have 
been more uncertainty because of the increasingly important 
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part played by hysteresis and elastic after-effects at high 
stresses. 

The liquid by which pressure is transmitted to the high 
pressure piston must be carefully selected. The ordinary oil 
suitable for free piston gauges designed for low pressures 
freezes at high pressures. If a hydrocarbon, such as kerosene 
or petroleum ether is used, which does not freeze at the high- 
est pressure, the leak in the first few thousand kg. will be 
prohibitive. I found suitable a mixture of equal parts water 
and glycerine, to which was added enough glucose to make 
a rather thick syrup. Most liquids increase enormously in 
viscosity at high pressures, so that even if they do not freeze 
they become so stiff theit it is impossible to rotate the piston 
to secure freedom from leak. The effect of pressure on the 
viscosity of water is comparatively small, however, so that 
with the liquid mentioned the piston could still be rotated 
at 13,000 kg. 

Employing all precautions, readings good to o»i per cent, 
were obtained over a pressure range of 13,000 kg. It would 
doubtless be possible to materially increase this accuracy. 
However, accuracy of this amount seemed to me all that 
was required in the virgin field of pressures above 3000 kg., 
and I have since then devoted aU my efforts to the measure- 
ment of various effects referred to pressure readings on this 
gauge for their ultimate absolute measurement. Recently, 
however, Michels has taken up the problem of increasing the 
accuracy of high-pressure measurement by a method involving 
the step-wise extension by means of a free mercury column 
of the range of the free piston gauge, and doubtless results 
will soon be published by him, if indeed they do not appear 
before this book. 

Secondary Pressure Gauges. In almost all high-pressure 
investigations the direct measurement of pressure with 
a free piston gauge would be inconveniently clumsy, and 
there would be the further disadvantage that such a gauge 
always has a slight amount of leak, so that some form 
of secondary gauge is nearly always desirable. Any repro- 
ducible and conveniently measured high-pressure effect may 
be made the basis of a secondary gauge. Secondary gauges 
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may be classified into those which depend on some specific 
property of matter, so that after the property has once been 
measured no cahbration of the secondary gauge is necessary, 
and those which depend on some more complicated property 
of the special gauge, which must therefore be calibrated 
individually. The dividing line between the two classes is 
not sharp but depends on the desired accuracy. 

The most common and one of the most convenient of 
secondary gauges is the Bourdon_spring, which is a tube 
flattened and bent To "arf arc of a circle. When exposed to 
internal pressure the tube uncoils by an amount measured 
with a suitable multiplying mechanism, so arranged that the 
pressure is shown by the position of a pointer on a dial. 
Such a gauge obviously belongs to the second group, and 
each gauge must be individually cahbrated, usually against 
a dead-weight tester. The pressure range of such a gauge 
is limited by the fact that the walls of the tube must be thin 
enough to allow the requisite flexibility. The maximum 
range at present claimed for any such gauge is 4000 or 5000 
kg./cm.*; there is a gauge manufactured by Schaeffer and 
Budenberg of this rated capacity. I have used such a gauge 
to a maximum of 3000 for a number of years with entire 
satisfaction. It is possible to obtain in America commercial 
gauges rated to 50,000 Ib./in.®, but I have always had trouble 
with these because of leak past the soldered connections, as 
mentioned in the last chapter. The accuracy of the Bourdon 
gauge, like all elastic deformation gauges, is limited by 
hysteresis and similar effects in the steel of the spring. 
These effects become greater as the wall thickness of the 
spring becomes relatively greater, and are therefore greatest 
in those gauges for the highest pressures. As a rough indica- 
tion, the accuracy of a spring gauge may be put at i per cent., 
although by special manipulations higher accuracy may be 
attained. Professor Richards used such a gauge up to 500 
kg. for many years, which, by the exercise of unusual care 
remained accurate to considerably better than i per cent. 
There are now, however, so many other convenient methods 
of accurate pressure measurement, and in particular the con- 
struction of a free piston gauge has become so comparatively 
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easy because of improved mechanical technique in grinding 
operations, that it would be unwise to trust to a gauge of this 
type in any accurate work. In my own experiments, this 
type of gauge plays httle more than the role of a rough indi- 
cating instrument on the low-pressure part of the apparatus, 
where it is so convenient as to be wellnigh indispensable. 

Other types of elastic deformation gauge have been pro- 
posed and used. In particular, the so-called 'Tait' gauge, 
invented by Tait * and extensively used by Barus,^® may be 
mentioned. In this gauge the change of internal volume of 
a cylinder exposed to external pressure is indicated by the 
rise of mercury in a capillary. This gauge suffers from 
hysteresis. There is a real place for a convenient gauge 
capable of roughly indicating pressures up to 12,000 kg. or 
more. So far I have not been able to devise any of suffi- 
cient simphcity ; in particular, any elastic deformation gauge 
capable of application over this range suffers from the 
deUcacy of the multiplying mechanism needed to make 
visible the very small deformations in vessels capable of 
withstanding such stresses. The Tait gauge used to high 
pressures has large hysteresis, and also has inconveniently 
large temperature corrections. 

A pressure effect which has several times been made the 
basis of a secondary gauge is the volume change in a fluid; 
a gas for pressures up to several hundred kg., or a liquid 
Uke water up to several thousand. In particular, the use 
of such a gauge by Lussana may be mentioned. In 
Lussana's gauge a bulb filled with water was connected to 
a stem of glass tubing; pressure was transmitted to the 
interior through a column of mercury, which rose or fell in 
the glass tube, compressing the water behind it as pressure 
rose or fell. The glass bulb was, of course, subject to pressure 
on the outside. The height of the mercury in the tube was 
calculated from the resistance of a fine wire of platinum 
stretched along the axis of the tube, which was short-circuited 
to a greater or less extent as the mercury changed position. 
In reducing the readings to absolute pressure the results of 
Amagat for the compressibility of water were used, thus limit- 
ing the range of the gauge as used by Lussana to 3000 kg. 
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A source of inaccuracy in the gauge is the correction for 
the compressibility of the glass envelope, which may vary 
according to the compressibility of the glass by relatively 
large amounts, making possible an error of several per cent, 
in the calculated pressures. A further disadvantage arises 
from the irregular motion of the mercury meniscus; there 
is always a tendency for small drops of mercury to be left 
sticking to the wire, and the readings are likely to be irregular 
on this account. 

The measurement of the compressibility of some liquid and 
its comparison with some value accepted as standard as a 
method of gauge calibration is not uncommon; it has, for 
example, been employed by Tammann, who calibrated his 
Bourdon gauges in this way. 

Probably by far the simplest effect on which to base a 
secondary gauge is the change of electrical resistance of a 
metal wire. Once a method has been perfected for getting 
electrically insulated terminals into the pressure chamber, 
there is no physical measurement more easily made than 
one of resistance. The magnitude of the changes of resist- 
ance produced by pressure in metals is not large, so that the 
method is not particularly convenient for pressures of the 
order of hundreds of kilograms, but for pressures of thou- 
sands of kilograms the changes of resistance can be easily 
measured to o i per cent, with conventional apparatus, and 
in this range the method has had extensive application. 
The suggestion that pressure should be measured in terms 
of change of resistance was perhaps first made by Lisell in 
1903. Lisell measured up to about 3000 kg. the resistance 
of a number of metals, among others the alloy manganin. 
This was found to increase in resistance under pressure, a 
rather unusual effect, and, furthermore, the rate of increase 
was linear, whereas all the other metallic substances examined 
were distinctly non-linear. This was so striking an effect 
that it was natural to propose its utilisation in the measure- 
ment of pressure. There was another great convenience in 
the use of manganin for this purpose, in that its temperature 
coefficient of resistance is so low that no special precautions 
are necessary in the way of keeping temperature constant, 
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whereas the temperature coefficient of all the pure metals 
is so high that rather elaborate precautions are necessary to 
keep the temperature constant enough to allow a deduction 
of the pressure from the observed change of resistance. In 
1909 La Fay measured the effect of pressure on the resist- 
ance of a number of samples of manganin, and endorsed the 
suggestion of Lisell that it should be used as a secondary 
pressure gauge. La Fay found, as had also Lisell, that the 
pressure coefficient of different samples of manganin might 
differ by appreciable amounts, so that for accurate work the 
calibration of each sample of manganin is necessary, which 
is a disadvantage. The literature of this period contains 
several controversial articles by various authors, provoked by 
the contention of Lussana,^^ that the pressure coefficient of 
manganin is not positive, as found by Lisell and Lafay, but 
is negative. The solution of a situation, which at the time 
seemed inexplicable, was given by the discovery by Lussana 
a number of years later, that the manufacturers had in- 
accurately labelled as manganin an alloy that was something 
quite different. 

At the same time that I was working on the high-pressure 
form of the free piston gauge, I spent considerable time in the 
effort to find some form of resistance gauge that should be 
perfectly reproducible, and which therefore would not need 
calibration after the first measurements had once been made. 
The work of others made it seem unlikely that any ordinary 
metal, in which there are almost always internal strains, 
would be sufficiently reproducible, and the use of liquid 
mercury (B. i, II), which is not subject to such effects, 
naturally suggested itself. I did succeed in getting measure- 
ments on mercury aip to 7000 kg. of such reproducibility that 
anyone could now use these measurements as an accurate 
method of measuring pressure. There are, however, a 
number of precautions necessary, the most important of 
which concerns the glass capillary in which the mercury 
must be contained. The compressibility of the glass is so 
great compared with the pressure coefficient of resistance of 
the mercury that it is essential that the compressibility of the 
glass be controlled quantitatively. This demands either a 
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measurement of the compressibility of the glass of the 
capillary, which at once sacrifices the hoped-for advantage 
of reproducibility, or else a definite variety of glass must be 
used, which is possible but not very convenient. The glass 
which I used was Jena 3660a. The use of this method proved 
to have other disadvantages; the glass must be carefully 
annealed, the temperature must be kept constant within 
slight variation, the capillaries are restricted to use in a 
vertical position, and finally, if there is an explosion by 
rupture of any part of the apparatus, which is not infrequent, 
the delicate gauge is almost inevitably shattered. I have, 
therefore, abandoned this method for measuring pressure; 
it is conceivable that situations might arise in which it would 
prove convenient, and in fact the method has been used by 
an investigator in Russia. 

Later work has convinced me that it is not necessary to 
go to a liquid metal to secure freedom from the effects of 
internal strains, but that a soft metal ought to be suitable, 
and I have in fact found the pressure coefficient of two 
samples of lead (B. 32) the same within o’oi per cent. The 
use of lead would still suffer from the disadvantage of demand- 
ing careful temperature regulation. 

Ail these considerations of convenience led me to return 
to the manganin gauge of Lisell. By the development of 
an easy calibration procedure the disadvantage of the 
necessity for separate calibration is minimised, and this gauge 
is now fundamental to all my measurements. The gauge 
coil itself is of double silk-covered manganin wire O’OOS in. 
in diameter, and about 5 m. long, giving a resistance of about 
120 ohms. The wire is doubled and wound non-inductively 
on itself into a coreless toroid of about i cm. diameter. 
The winding is done on a separate arbor, so mounted that the 
coil may be readily pushed off after the winding is com- 
pleted, and the section of the toroid bound with silk thread 
to make it retain its shape. The grade of manganin used is 
important. I have used in almost all my work manganin 
of unknown German origin, purchased more than thirty 
years ago. An attempt at one time to use a manganin made 
in this country was not successful; the American manganin 
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apparently was not so well seasoned, as shown by wandering 
of the zero and other irregularities. After winding, the coil 
is seasoned by exposure to a temperature of 140° C., or as 
high as possible without charring the silk covering, for from 
six to ten hours. It was my former custom to also season it 
by several applications of 12,000 kg./cm.*, but this proved 
to be less necessary than I had supposed. 

The gauge coil is now ready for calibration. This is done 
by determining with it the freezing pressure of mercury at 
o® C. The gauge coil is attached to the insulating plug in 
the upper cyhnder of fig. 9. In the lower cylinder is placed 
a long cyUndrical container with approximately 200 gm. of 
mercury. The lower cylinder is then placed in an ice bath 
with suitable stirring arrangement, so that the temperature 
is maintained at o®. The fre zing pressure of mercury is 
now determined by the method described in greater detail 
in Chapter VII on melting under pressure. Briefly, the 
method consists in plotting the position of the piston by 
which pressure is generated against the resistance of the 
coil. Freezing is indicated by a discontinuity in the motion, 
the total amount of discontinuity corresponding to the 
difference of volume between the liquid and solid mercury. 
The freezing pressure of mercury at o® is known by previous 
measurement with the free piston gauge to be 7640 kg. /cm.*, 
so that we have at once the constant of the coil. I had 
previously established, also by comparison with the free 
piston gauge, that the change of resistance of all the samples 
of manganin which I examined was linear with pressure 
up to 13,000 kg./cm.*, thus extending the result found by 
Lisell to 3000. In making the calibration, the freezing-point 
of mercury should be approached from both directions, first 
raising pressure beyond equihbrium and allowing it to drop 
to the equilibrium value from above, and then, after a 
sufficient fraction of the mercury is frozen, releasing pressure 
below the equihbrium point and allowing it to rise to the 
equihbrium point from below. The equilibrium points 
reached in this way from above and below should be the 
same within a small difference. My measuring device has 
a sensitiveness corresponding to about 1/5000 at this pres- 
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sure; when everything is running properly it is not possible 
to detect any difference of this amount in the pressure reached 
from above and below. In order to accomplish this it is 
desirable to use petroleum ether as the transmitting liquid; 
kerosene becomes so stiff that it would require a long time to 
shut the equilibrium pressure within limits as narrow as this. 

The greatest difficulty that one is likely to encounter on 
first using the method is entirely overshooting the discon- 
tinuity — expecting it to be larger than it is. The change of 
volume of mercury on freezing at o° is about 3*3 per cent, 
of its volume at atmospheric pressure. It would be well, 
before starting a calibration, to convert this figure into 
piscon motion, in order to know what to expect. After the 
apparatus has once been constructed, the calibration itself 
need not occupy much time; I find two hours sufficient for 
the complete calibration. 

All of my gauge coils have been made from wire from the 
same spool; it would be well for any one else embarking on 
a programme of pressure measurement to provide himself 
with a spool of manganin of sufficient size to supply all the 
gauge coils that he could possibly need. I find that different 
samples from the same spool differ at the outside by i per 
cent., so that once a calibration has been made, a new coil 
may be used without calibration to about 0'5 per cent. 
Samples of manganin from different sources differ consider- 
ably more. Values may be found in the literature for the 
pressure coefficient of manganin varying from 2*08 to 
2*34 xio-® per kg./cm.2. 

With careful use a gauge coil should have a long life, 
almost indefinitely long if special effort is made. In practice 
the accident most likely to happen to it is the development 
of an internal short circuit, because of rubbing of one strand 
on another incident to rapid application and release of pres- 
sure. This may be partially avoided by careful winding, 
but the most important precaution is to use a transmitting 
liquid that does not become too viscous under pressure. 
It is possible to short circuit the coil after a very few applica- 
tions of pressure transmitted with a heavy oil which becomes 
very viscous, or which may even freeze. 
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The temperature coefficient of manganin is so low com- 
pared with its pressure coefficient that only in very excep- 
tional cases is it necessary to control its temperature. In 
fact I have never encountered a case in which a sufficiently 
accurate correction for the effect of change of temperature 
of the gauge coil could not be made by calculation from the 
observed temperature of the cylinder. Sometimes it may 
be necessary to make long-pressure runs extending over 
several days; during such a run one is likely to be made 
somewhat uncomfortable by possible shifting of the zero of 
the gauge. If the coil is in good condition, I have found that 
almost all of the possible wanderings of the zero, which 
correspond to a very small change of resistance, are due to 
the effect of variable room temperature on the other parts 
of the bridge. The effect may be minimised by comparing 
the manganin coil against another exactly like it, mounted 
close to the pressure cylinder in such a way as to have the 
same temperature as the cylinder and the gauge coil. Fluc- 
tuations of room temperature now have the same effect on 
both coils, and a large part of the wandering of the zero is 
eliminated. 

The manganin gauge has been shown to be linear by direct 
measurement to 13,000 kg. /cm, I have used it by extra- 
polation up to 21,000 kg. /cm.*. This linear extrapolation is, 
of course, not perfectly safe, but in view of the smallness of 
the effect I think there can be little error in it. A possible 
method of check, which would not demand the extension of 
the use of the free piston gauge to this pressure, is to measure 
simultaneously the changes of resistance of a coil of manganin 
and of some other metal, and to calculate the exact pressure 
by extrapolation of formulae known to be valid up to 13,000. 
If the pressure given by extrapolation with the formulae for 
the two metals is the same, the probability is high that both 
are correct. I have done something that amounts to this 
with Bi and manganin (B. 73), and although the results have 
no high degree of accuracy, there can be no doubt that the 
error in making a linear extrapolation with manganin to 
20,000 is small. 

There are other transitions which may be used to give 
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fixed pressure points like the freezing-point of mercury at 
0° C. Any transition that has been accurately measured 
offers such a possibility, but it must satisfy certain other 
requirements if it is to be convenient in practice. If the 
transition is a melting, then the substance must be one that 
can be easily obtained in a state of high purity. In general, 
purity is a prerequisite to a sharp melting, that is, a melting 
that takes place at a single definite pressure independent of 
the amount of the substance that has melted. Purity is 
not usually so important if the transition is between two 
sohd phases, however. It is only impurities which can be 
dissolved in one or the other phase that are capable of affect- 
ing the sharpness of a transition. In fact, it is the exception 
rather than the rule for a transition between solids to be 
hazy because of this effect, whereas the majority of melting 
points are not sharp for this reason. Mercury is rather an 
exception in the ease with which it can be obtained pure, 
and the sharpness of its melting. Organic liquids are partic- 
ularly prone to impurities and hazy melting points. Another 
requirement in a satisfactory transition is that the volume 
change be large, so that it can be easily located; another 
requirement is that the transition run rapidly. A transition 
that satisfies all these requirements is the one between Ice I 
and II at temperatures between —25° and —30°; at —30° 
the equilibrium pressure is 2150 kg., the volume change of 
the transition is 20 per cent., and it runs in this temperature 
range with almost explosive rapidity, the latent heat being 
very small. Further, water is easy to obtain in a state of 
the requisite purity. A disadvantage in this transition is 
the rather inconvenient temperature, and the fact that the 
pressure is so low as not to give a high percentage accuracy, 
particularly if the coil is to be used over a pressure range 
considerably greater. The transitions of CCI4 have also been 
used as calibration points, but I believe that, all things 
considered, the most convenient one is the freezing-point of 
mercury at 0®. 
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CHAPTER IV 


SPECIAL SORTS OF RUPTURE PECULIAR TO 
HIGH PRESSURES 

The body of this book will be occupied with the quantitative 
description of a large number of high-pressure phenomena, 
most of which may be expected to have some ultimate 
theoretical significance. There are, in addition, a number 
of other phenomena, equally characteristic, but difficult to 
describe in exact terms. Prominent among these are various 
phenomena of rupture; the steel containers and various 
parts of the high-pressure apparatus may fail in a variety of 
interesting ways, which as yet have not been satisfactorily 
explained, and which, therefore, are suggestive as indicating 
where modifications may be necessary in our present theories 
of rupture. It would perhaps be natural to collect these 
phenomena of rupture into a single chapter of miscellanies 
at the end of the book; my reason for giving them here is 
that some understanding of many of them is most important 
in the design of high-pressure apparatus, so that they have a 
close connection with the problems of technique just discussed. 

An introductory word may make the status of these high- 
pressure rupture experiments plainer. The whole high- 
pressure field opened almost at once before me, like a vision 
of a promised land, with the discovery of the unsupported 
area principle of packing, by which the only limit to the 
pressures attainable was set by the strength of the metal 
parts of the apparatus. Immediately the question arose as 
to what the limit was. All that I had to guide me were 
various theories of rupture of a more or less engineering 
character, which indicated, among other things, that the 
maximum internal pressure any cylinder could stand, even 
if the walls were made infinitely thick, was not far numerically 
from the tensile strength as determined in ordinary tensile 
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tests. A few rough experiments sufficed to show, however, 
that this rough theory was very wide of the mark, so that 
obviously the first thing to be done, before the promised land 
could be entered, was to make an empirical survey of the 
general nature of the possibilities. During this survey, the 
following observations on rupture were collected; these are 
not to be taken in any way as systematic, but merely as 
incidental results. There is a rich field open here for further 
systematic investigation, and for theory. Except for getting 
a qualitative understanding of the situation for my own 
ulterior purposes, I have made little attempt to reduce these 
phenomena to the basis of a quantitative theory. One 
analysis of the collapse of hollow cylinders under external 
pressure may be mentioned (B. 7), and there is in addition 
a comparatively large amount of quantitative observation 
and some theorising which I have not yet had time to publish, 
done in connection with work at the Watertown Arsenal on 
the stretching of guns, and also some other work done for 
the U.S. Government during the war. Michels ^ has recently 
made the beginning of an attack on the problem of the 
rupture of thick cylinders under internal pressure, and 
doubtless more will be forthcoming from this quarter. 

The problem which gave me most immediate concern was 
that of the piston. Elaborate devices were designed and 
partly constructed for decreasing the stresses in the piston 
by a sort of inverse differential free piston-gauge arrange- 
ment, but all complications of this kind, fortunately, proved 
unnecessary when it was discovered that glass-hard pistons 
of the proper grades of steel — such, for example, as file steels, 
or even better, ball-bearing steels — will stand forces in com- 
pression far beyond the limit set by the strength of the 
other parts of the apparatus. The piston is not, therefore, 
at present a problem. If in the future it proves possible to 
raise the limit set by the strength of the other parts to the 
limit of the piston, then the differential piston scheme allows 
the possibility of further progress, although it must be 
admitted that the packing problem for a piston of this 
character is not simple. 

The bursting strength of the hollow cylinder in which 
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pressure is contained was the problem that demanded most 
attention in the preliminary investigation. It will pay to 
have before us the results of the theory of elasticity for the 
stresses and strains in a hollow cylinder exposed to internal 
pressure. These results are well known, and are given, for 
example, in Love’s book. Two cases may be considered, 
according as the thrust expelling the end plugs is transmitted 
to the body of the cylinder by making the plugs integral 
with the cylinder, or as the end plugs are independently 
supported from outside. The first case is the one of interest 
to us. Here we have 
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where r© is the external and r, the internal radius. There 
are a couple of important points about these solutions. In 
the first place, the maximum stress and strain are both to 
be found at the interior surface, where the values are 
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Guided by these formulas, which hold only in the range of 
elastic deformation, extensions were made by engineers and 
others to the region beyond the elastic limit in an attempt 
to get some information about the phenomena of rupture. 
There are various plausible suppositions that one can make 
about rupture. One natural point of view is that rupture 
will occur when the force tending to tear the fibres apart 
reaches a critical value. The critical value for this force is 
evidently set by the tensile strength T, as ordinarily measured. 
Since the greatest fibre stress at any point of the cylinders 
occurs at the inner surface, according to this view rupture 
would be expected to occur by separation of the circum- 
ferential fibres at the inner surface when the internal pressure 

equals ”^- ---T, and the maximum value for this in a cylinder 
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I'K;. i<>. ( yliiiflor of heat-treated steel, ruptured by internal 

])ressure 'The fracture started at the outside surface, 
iravt'hed inward alonjj; a radial ]>]ane, and sto])[)ed before 
<|uile reaching; the inside. 



I'lo. JO.— t'ylinder of copper, rujitured by internal ])ressure. 
The rupture travelled from the outside* in on a surface of 
shear, producing* approximately an ecpiiangular spiral. 



h'lG. 21.- C ylinder of mild steel, ruptured by internal pressure. 
Rupture travels from the outside in, first on one shear 
plane and then on the t»ther. This cylinder was originally 
2 in. out.side and ^ in. inside diameter. The inner hole 
has been stretched to in. 
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with infinitely thick walls is T. Another plausible point of 
view is that rupture may be expected to occur when the 
elongation of any fibre exceeds a critical value, and this 
elongation is evidently the same as the elongation at rupture 
in ordinary breaking tests. The maximum fibre elongation 
is the value of at the inner surface, so that according to 
this point of view rupture should occur by separation of the 
circumferential fibres at the inner surface for an infinitely 

2A + 2u 

thick cylinder when a result not very different 

from the result obtained above. Other plausible criteria of 
rupture are that the maximum shearing stress is the deter- 
mining factor, which in this case is the difference of R, and 
0,, or that the maximum shearing strain e,,— e„ is deter- 
minative. Either of these criteria leads to a result much like 
the other criteria — namely, that rupture will occur at the 
inner surface at a pressure not far from the pressure numerically 
equal to the tensile strength. It was, of course, realised that 
none of these criteria could be expected to be exact, because 
above the elastic limit there is flow, and the relations between 
stress and strain assumed in deriving the formulae break 
down, but, nevertheless, there was a feeling that the results 
were not far from correct. 

Experiment' soon showed that expectations based on 
simple elastic theory were very far indeed from the mark, 
both with respect to the maximum pressure and the character 
of the rupture. Cylinders stand a pressure very much higher 
than the tensile limit pressure, and rupture of cylinders made 
of ordinary grades of steel^invariably starts at the outside 
surface and travels inward, rather than starting at the inside 
and funriing out. When a cylinder bursts in this way from 
the outside under the action of internal pressure it will be 
found that the inside has received an amount of permanent 
stretch very much in excess of what would be expected from 
considerations like those above. Figs. 19, 20, and 21 (Plate II) 
give some idea of the various forms that rupture may take. 
The rupture may progress inward for almost the entire distance 
on a radial plane, as in fig. 19, or it may progress along lines 
of shear, which gives the equiangular spiral effect shown in 



82 THE PHYSICS OF HIGH PRESSURE 

fig. 20 by a cylinder of copper, or it may travel first on one 
shear plane and then on another, as in fig. 21. It has always 
been my experience that at the internal surface the rupture 
is along a plane of shear; indeed, it is not uncommon to find 
the last stage of rupture at the inner surface taking place 
along the two planes of shear inclined to each other at 
nearly 90°, so that a triangular prism is detached at the 
inside, which may be projected through the opening crack 
by the internal pressure with considerable violence. The 
cylinder shown in fig. 22 (Plate III) represents about the 
maximum that I have observed in the way of internal pressure 
over the tensile value. This was a block of unhardened high 
carbon tool steel with a tensile strength of about 10,000 
kg. /cm. 2, and an elongation at the fracture point of 25 per cent. 
The pressure required to burst it was 40,000 kg./cm.^, and the 
maximum elongation at the inner surface was 125 per cent. 

A little reflection will show the general nature of the 
reason why it is possible to reach pressures so much in excess 
of the tensile value. Most metals pass through a more or less 
plastic stage in the range of stress above the yield point, where 
the stress difference that the metal can support is nearly 
independent of the elongation. The inner part of the 
cylinder reaches this condition first; as pressure rises the 
fibre stresses in the inner circumferential fibres of the cylinder 
are unable to rise above this critical limit, but the radius of the 
part in which this critical maximum fibre stress prevails 
becomes greater, and the outer parts of the cylinder remain 
below the elastic limit. The inner layers are incapable of 
rupture under these conditions because of the support they 
receive from the outer layers; geometrical considerations 
will show that rupture at the inner surface would not result 
in a decrease of the total potential energy of strain in the 
metal, because the internal pressure acts in a direction to 
oppose the release of volume compression that would result 
from such a rupture. Any actual cylinder is not geometrically 
perfect, and after stretch and rupture as shown in fig. 22 
the inner surface will usually be found marked with a great 
number of incipient slip lines, where rupture has started 
because of local conditions, but was checked before it could 
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progress to any marked extent because of the general geo- 
metrical conditions just mentioned. There are other cases 
known in which support of the parts of the metal in which 
there is great stress prevents rupture from taking place under 
ordinary conditions; the simplest example is wire drawing, 
which should have been sufficient to suggest that maximum 
elongation could be expected to determine rupture only in 
a restricted range of conditions. 

It is probable that only those substances which are capable 
of considerable plastic flow show characteristic rupture at the 
outside surface; if the substance is brittle, like glass, it is 
highly probable that rupture begins at the inside, more in 
the manner anticipated by the original theory. It is very 
difficult to observe this in glass, but the phenomena can be 
shown very neatly in a cylinder of transparent gelatine, which 
when blown up on the inside may be seen to start to tear 
along a perfectly clean radial plane, beginning at the inner 
surface. Glass cylinders, like steel cylinders, will stand 
pressures considerably in excess of that indicated by the 
simple theory. The tensile strength of glass under ordinary 
conditions is seldom as much as 500 kg./cm.^, but I have 
repeatedly reached pressures of 1000 kg./cm.^ in small glass 
capillaries, while Heydweiller ^ has reached the surprising 
figure of 3000 kg. /cm. 2 . Glass under ordinary conditions does 
not have a point of yield appreciably below the ordinary 
rupture point, so that the stress and strain distribution given 
by the ordinary elastic theory must represent very closely 
the actual distribution right up to the point of rupture. The 
fact that internal pressures are realisable up to six times the 
tensile limit shows how very far indeed from the truth are the 
maximum tensile stress and elongation criteria of rupture. 
A glass tube is a very treacherous thing; after it has been 
exposed to a high pressure it is very likely to break on the 
next application of a very much lower pressure. The reason 
is doubtless that the glass does actually receive some internal 
strain from the first application of pressure, for glass is after 
all only a very viscous liquid, and this internal strain weakens 
it for the next application. 

The problem inverse to the above — that is, the behaviour 
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of a thick hollow cylinder when exposed to high pressure 
over the external surface, was also subjected to an exploratory 
investigation (B. 7 ). This was done during my search for a 
suitable secondary pressure gauge. The Tait gauge, in which 
pressure is indicated by the change of internal volume of a 
cylinder when exposed to external pressure, is evidently one 
which by its form is capable of withstanding very high 
pressures without rupture, and for this reason it seemed 
promising. 

The quahtative behaviour of a hollow cylinder exposed to 
external pressure depends in a very marked degree on the 
ratio of the wall thickness to the internal diameter. If the 
walls are relatively thin, the cylinder fails when pressure gets 
too high by folding in on itself, sometimes in a single fold, 
and sometimes in more, giving rise to star-shaped figures. 
This problem is more or less familiar, and may be treated 
by the usual methods of elastic theory for handling questions 
of geometric stability. The pressures required to produce 
collapse of this kind are not high, so that we need not trouble 
with further consideration of this problem. But if the walls 
are thick, so that the cylinder can withstand a high pressure 
without folding, then failure takes the form of simple flow 
of the metal toward the centre along radial lines, the geo- 
metric figure remaining that of concentric circles, the ratio 
of the outside to the inside diameter increasing as flow 
continues. Obviously if such a cylinder is to be used as a 
Tait gauge it can only be in the range of pressure below 
that required to produce flow. Two regions of experimental 
investigations are therefore to be distinguished, according as 
the pressure is above or below this limit. These two regions 
are not distinct, but the lower may be made to progressively 
overlap into the upper, because of an effect similar to one 
already found in cylinders exposed to internal pressure — 
namely, that the flow point is raised by the previous applica- 
tion of pressure to the highest pressure previously reached. 
The possibilities here in the way of raising the flow point 
are considerably greater than in raising the elastic limit by 
internal pressure because of the more favourable geometric 
relations, for here flow takes place in such a direction as to 
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make the ratio of external to internal diameter greater, so 
that further flow is more effectively resisted. The ultimate 


effect of a sufficiently high external 
pressure is to entirely close the in- 
terior cavity. I have observed cases 
in which the pressure required to pro- 
duce complete closure was ten times 
as great as that required to start flow, 
so that an increase of tenfold in the 
elastic limit of cylinders exposed to 
external pressure is possible, against 
only three- or fourfold when the pres- 
sure is internal. 

In the region below the current 
yield point there proved to be very 
great hysteresis effects. This is shown 
in fig. 23 , in which is plotted the 
change of internal volume under 
successive cycles of pressure of con- 
tinually increasing amplitude. The 
raising of the flow point to approxi- 
mately the previous maximum is 
shown, and also hysteresis and other 
effects, such as hardening by rest- 
ing after overstrain. These various 
effects are all known qualitatively for 
other sorts of test, such as tensile 
tests, for example; the rather un- 
usual feature of these collapsing tests 
is the largeness of the effect. Cases 
have been observed in which the width 



of the hysteresis loop amounts to half Fig. 23. — Cyclic changes of 
the total deformation at the yield iTyrdlT^ct 
point. It was the existence of this very nal hydrostatic pressure, 

large hysteresis that convinced me 

that it was not practical to expect a gauge of the Tait pattern to 
be satisfactory at pressures approaching the elastic limit of the 
metal, and indeed I do not believe that any type of deforma- 
tion gauge will be satisfactory at pressures as high as this. 
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Sometimes, particularly when the ratio of the outside to 
the inside diameter is high and the composition of the metal 
is complicated, as in a tool steel of high carbon content, as 
opposed to a nearly pure iron, effects may be found more 
complicated than suggested in the figure. Thus I have found 
a case in which an initial increase of external pressure was 
accompanied by an initial increase of internal volume. I 
have also found the corresponding effect in cylinders exposed 
to internal pressure — that is, it is possible, after a thick 
cylinder has been strained severely beyond the elastic limit 
by internal pressure, that an initial application of internal 
pressure should produce a decrease of external diameter. 
Obviously such unusual effects must mean a highly complicated 
system of internal stresses. 

The maximum external pressure that a hollow cylinder 
will stand without complete collapse is a function only of 
the material, and not of the initial dimensions. This might 
be expected, because a cylinder of any initial proportions 
must pass through all greater ratios of outside to inside 
diameter on its way to complete collapse; the fact that it 
is true means that hardening effects during flow toward 
complete collapse are not important. I have found the 
pressure for complete collapse for copper to be about 10,000 
kg./cm. 2 , and about 20,000 for ‘‘Bessemer"' steel. After 
flow has once started the relation between internal diameter 


and pressure is approximately linear. 

The fact that flow continues until complete collapse at a 
finite pressure is one that could not have been foreseen, and 
gives us a certain amount of information about the stress 
distribution during flow. The plausible assumption that 
has been made about flow in certain theoretical discussions 
is that, neglecting hardening effects, plastic flow takes place 
when the maximum shearing stress reaches a certain critical 
value. In this case the shearing stress is the difference 
between the principal stresses R,. and 0 ^. Let us see where 
this hypothesis leads us. According to it we would have 


during flow 


R,-~0,=K, 


where K is the stress difference at plastic flow. There is 
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also a condition of stress equilibrium that can be obtained 
from the equilibrium of a semicircular sector under the 
action of the stress acting across the diameter and the 
stress Rr on the curved surface, which is obviously 



Ti being the internal radius and r the running value of the 
radius. Substitute in this equation the value of 0^ in 
terms of and eliminate the integral sign by a differentiation 
with respect to r, obtaining the differential equation 

rfR, K 

dr r* 

The solution of this is 

R, = -Klog~. 

because at the inner surface Rr=o. At the outside surface 
R^ — ~P and r—ro, so that 

P=Klog^. 

'1 

This equation states that for a given external pressure P 
and a material with the constant of plasticity K, flow will 
take place until the outside and inside diameters satisfy the 
relation. In particular, rj will become zero only when the 
pressure P becomes infinite. But this is contrary to experi- 
ment, for we found the hole to entirely disappear at a finite 
pressure. That is, the material is actually weaker than we 
assumed, and the stress difference necessary to produce 
flow decreases after prolonged flow, instead of increasing, 
as some hardening phenomena under less extreme conditions 
might have led us to anticipate. 

The increase of yield point produced by flow is an increase 
for that particular type of stress only. If a cylinder which 
has been collapsed by external pressure is exposed to internal 
pressure, it will be found to rupture at a pressure very much 
less than the pressure that would have ruptured it in the 
beginning before it was collapsed. 
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If the hollow cylinder is made of a non-plastic material, 
such as glass, the phenomena are quite different. Such a 
cylinder cannot flow, and if the walls are thick enough, it 
cannot fail uns5mimetrically by geometrical instability, so that 
literally such a cylinder cannot break. I have exposed thick- 
walled glass capillaries to external pressures of 25,000 to 
30,000 kg./cm.* without any immediate effect. Sometimes 
such a cylinder will break spontaneously several days after 
the release of pressure, evidently because the glass had 
acquired some internal strain by viscous flow when exposed 
to the pressure, there still being at room temperature a 
remnant left of the plasticity of higher temperatures. If the 
glass cylinder is not geometrically stable — as, for example, 
when the inner hole is off centre — ^it may crush under the 
external pressure, disintegrating to an impalpable powder if 
the pressure is high. 

The glass tube in the last paragraph was prevented from 
breaking by its perfect symmetry. If the hollow cylinder, 
instead of being made of amorphous material, is made of a 
crystalline material like quartz, then there is no longer 
symmetry, and rupture may occur. Fig. 24 (Plate III) is a 
photograph of a hollow cylinder of quartz after the application 
of a high external pressure (B . 30) . The cylinder was originally 
in two pieces, which were cut from a single crystal of quartz, 
central holes drilled in them, and then put together in the 
original relative orientation on two optically flat planes, as 
shown. Some such method as this was necessary to get the 
hole into the inside of the crystal. A rubber tube was then 
snapped over the cylinder, and the assembly exposed to the 
action of hydrostatic pressures over the outside of the rubber 
tube. Failure takes two distinct forms. There is in the first 
place the development of minute cracks in various parts of the 
cylinder, which in the specimen of the photograph began at 
about 6000 kg./cm.*. This effect is apparently not im- 
portant ; it never leads to complete rupture, and is apparently 
associated in some way with the failure of the two halves of 
the crystal to fit together in exactly the original orientation. 
The second effect is new, and, as far as I know, characteristic 
of crystals. At a pressure of 7500 kg./cm.* excessively minute 
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fragments begin to detach themselves from the interior wall. 
The frequency with which these particles are detached 
depends on the magnitude of the pressure; for the quartz 
cylinder shown in the figure an exposure of about ten minutes 
to 12,000 kg./cm.2 was sufficient to completely fill the cavity 
with an impalpable sand, the diameter of the cavity being 
eroded in places to three times its original size. The process 
stops at any given pressure when the fragments exert suffi- 
cient pressure on the interior walls to support them against 
the external pressure. The fragments are projected with 
considerable violence when they are detached from the walls, 
with sufficient velocity, for example, to permanently embed 
themselves in a brass rod which on one occasion loosely 
occupied part of the cavity. 

The quartz experienced no plastic flow during the erosion, 
there being no perceptible permanent change of the external 
diameter. 

The elastic deformation experienced by a crystalline cylin- 
der like quartz can be calculated from the equations of 
elasticity. The deformation is much more complicated than 
in an isotropic material ; it can be regarded as a perturbation 
peculiar to the crystal superposed on the effect to be expected 
in an isotropic material of the mean elastic constants of the 
crystal. This crystalline perturbation effect consists, among 
other things, of a warping of the plane cross-sections, and a 
deformation of sections originally circular into a more or less 
trefoil-shaped outline. These additional strains involve 
additional stresses; the most important is a shearing stress 
tending to change the angle between the axis and the radius 
which does not occur at all in the isotropic case, and which 
may amount in quartz to 35 per cent, of the maximum 
isotropic stress. A surprising feature of the results was that 
the flaking-off seemed to have no particular connection with 
these additional stresses, but was apparently determined in 
large degree by the isotropic stress. The theory was 
roughly checked by measurements of the elastic deforma- 
tion of the interior before rupture began; the accuracy 
was not great enough to show any of the pure crystalline 
effects, but did show that the mean radial displacement 
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was consistent with the value to be expected from the mean 
constants. 

The flaking-off of the internal surface is connected in some 
way with the orientation of the internal surface with respect 
to the crystal. Attempts to collapse the natural cavities 
which are sometimes found in quartz crystals, and which 
go by the name of 'negative crystals,' the faces of which 
consist of natural crystal faces, were entirely unsuccessful 
at pressures up to 18,000 kg,/cm.*. 

Experiments were also made on the crushing of hollow 
cylinders of calcite, tourmaline, feldspar, barite, porphyry, 
and andesite. All of these were found to fail by flaking-off 
in the same way as the quartz, but the other phenomena 
were not always the same as in quartz. Thus a few cases 
were observed in which permanent flow without cracks 
accompanied the failure of the central part. The same 
phenomena were also observed in two minerals, granite and 
limestone, which of course consist of aggregates of micro- 
scopic crystals. The cavities in these minerals were found 
completely filled with the eroded fragments after exposure 
to 5000 kg./cm.2 for an hour. 

These experiments have considerable geological interest in 
suggesting to what depths in the earth's crust open cavities 
may exist. The 'flaking-off' effect itself may be suspected 
to be very closely allied to phenomena in deep mines, where 
it is not unusual to find thick slabs, of rock of considerable 
area separated from the supporting walls. The depths 
suggested by my experiments on granite are considerably 
less than those which had been previously deduced from 
experiments of Adams ; his experiments were not performed 
with hydrostatic pressure, but by compressing cylinders of 
rock with hardened steel plungers into shrunk-on supporting 
hoops of mild steel. It appears from the above that the 
support afforded by these hoops must have played an im- 
portant part in the final result. 

Also suggested by the geological problem, I made experi- 
ments on the maximum density that could be produced in 
sands of various kinds by pressure up to 30,000 kg./cm.*. 
No instances of the fusing together of the particles of sand 
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were ever observed. After exposure to 30,000 the density 
of the sand might approach within 2-5 per cent, of the 
non-fractured original material; it is probable that the 
densities approached even more closely during the applica- 
tion of pressure. Reference must be made to the original 
paper for further discussion of these experiments. 

Another type of rupture peculiar to high pressure has 
already been briefly referred to in the chapter on technique, 
the so-called ‘pinching-off’ effect. The conditions under 
which this type of rupture may be produced are indicated in 
fig. 25 (Plate III). A solid cylinder is exposed to pressure over 
the external curved surface only, the ends being unsupported. 
When pressure rises to a value approximating numerically 
to the breaking stress in pure tension, the cylinder parts 
somewhere in the median region, only by accident hear 
either of the stuffing-boxes, as if it had been pulled apart by 
a tensile pull applied to the projecting ends. After rupture, 
the two severed ends are expelled by the pressure through the 
stuffing-boxes with considerable violence, and it is in this 
that the danger of this sort of rupture consists. If the rod 
is of brittle material, like glass, or glass-hard tool steel, the 
rupture takes place on a perfectly clean plane perpendicular 
to the axis, but if the rod is of a material that can yield 
before rupture, like soft steel, there is considerable contrac- 
tion of area at the break, which looks very much like the 
break in an ordinary tensile test. The paradoxical thing 
about this rupture is that, neglecting friction in the stuffing- 
boxes, there is no force along the fibre across which rupture 
occurs. That the stress system is of this character should 
be evident to intuition after slight reflection, but a formal 
proof can be given, if required, by elastic theory. If the 
z axis is taken along the axis of the cylinder, and the other 
co-ordinates are chosen as r and B in the conventional way, 
then, neglecting end effects, it can at once be seen that a 
stress system satisfying the boundary conditions is R,. = —p, 
0 « = — Z*=R,=R,= 0 *=o, and, further, this must be 
the actual stress system by the uniqueness theorems of 
elastic theory. Whatever effect the stuffing-boxes have is 
to superpose a compressive stress Z„ which makes the 
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experimental result even more paradoxical, because rupture 
actually takes place against a small stress. 

Although there is not longitudinal stress when the pinching 
off occurs, there is nevertheless longitudinal elongation, and 


its amount is 


AP 


One might be tempted to see in 



fi{z\+2fiy 

this elongation a sufficient explanation of the rupture, but 
this explanation proves to be, however, too easy, because 
there are other cases in which it is obviously not the deter- 
mining factor in rupture. 

One of the simplest of such cases in 
which the elongation does not determine 
rupture is illustrated in fig. 26. This re- 
presents in section a cylindrical core of 
steel fitting closely inside a tube of hard 
rubber. The two together are placed 
in a pressure cylinder and exposed to 
hydrostatic pressure over the entire ex- 
ternal surface. A pressure of a few 
thousand kilograms per square centi- 
metre is sufficient to split the rubber 
tube, as indicated by the dotted line. 
The rupture here takes place exactly as 
if a cone had been driven into the tube, 
stretching it to the rupture point. In fact, reflection sug- 
gests that the analogy of the cone may have considerable 
truth in it, because it is evident that if it had not been for 
the steel core the rubber tube would have shrunk, because 
of its comparatively high compressibility, by much more than 
it was allowed to by the steel. From this point of view, 
therefore, the rubber tube was actually stretched beyond 
the size that it would naturally have assumed under the 
pressure, and so broke. If one works out the actual stress 
and strain in the rubber, however, it will be found that, 
allowing for the compressibility of the steel core, every strain 
and every stress in the rubber was compressive, but that, 
nevertheless, rupture occurred. 

It is not difficult in any special case to invent considera- 
tions that appeal to our intuitions as adequate explanations 


Fig. 26. — Indicates the 
manner of failure of 
a hard rubber ring 
when supported on 
the inside by a steel 
core (shaded), and ex- 
posed to hydrostatic 
pressure. 
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of the observed rupture, as illustrated by the pinching-off 
effect and the split hard rubber tube ; the difficulty comes in 
bringing all possible cases under one point of view. It is 
possible to find among the examples discussed above cases 
which refute any one of the various criteria of rupture which 
have been seriously proposed. Thus the maximum tensile 
stress criterion is inconsistent with the pinching-off effect, or 
the cored rubber tube rupture, and the rupture of cylinders 
under internal pressure; the maximum tensile strain or 
maximum elongation criterion is inconsistent with the cored 
rubber tube or the cylinder burst by internal pressure. Either 
the maximum shearing stress or maximum shearing strain 
criterion fails to apply to cylinders exposed to external 
hydrostatic pressure. Furthermore, detailed considerations 
show that none of these criteria work when used as a criterion 
of yield instead of as a criterion of rupture. 

For myself, I am exceedingly sceptical as to whether there 
is any such thing as a genuine criterion of rupture. For 
example, it was obvious enough that the manner of failure 
of hollow cylinders exposed to external pressure was entirely 
different for amorphous and crystalline substances. I believe 
we have no right to expect any general criterion of rupture in 
view of the extremely varied structure of different sorts of 
material. It is sufficient in dealing with many phenomena 
to think of the molecules which constitute matter as being 
to a certain degree like small rigid bodies, in which are 
located, according to more or less complicated patterns, 
centres of electrical and magnetic force which hold the sub- 
stance together and give it its properties. When such a 
substance is subjected to stress, the molecules must readjust 
themselves to each other’s irregularities in the most com- 
plicated ways, and according as one or another of the locaJ 
centres of force are separated by more than the critical 
amount, we may have rupture under the most varied 
conditions. 

These considerations, as well as the experimental facts 
summarised above, indicate therefore that we should attempt 
to establish criteria of rupture only as a matter of practical 
convenience, as for engineering purposes, and that we should 
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expect any such criteria to be valid only in a narrow range 
of conditions, both of stress and material. 

In addition to the types of rupture thus far discussed, 
which are more or less peculiar to high pressures, there are 
other types of rupture which are more or less incidental 
results of the high pressures — namely, rupture produced by 
the action of hydrogen and mercury, but which are most 
important to know about in the design of high-pressure 
apparatus. 

Amagat ® described in 1885 a shower of mercury driven by 
a pressure of 4000 kg./cm.® through the 8 cm. thick walls of 
a high-pressure cylinder made of a mild steel forging, in 
which no flaw could be detected. His explanation was that 
the mercury had been forced through the inter-molecular 
pores of the solid steel. This effect would evidently impose 
important limitations on high-pressure technique, and I there- 
fore made a systematic investigation of the subject (B. 3). 

I was not able to repeat Amagat's observation, and I am 
convinced that his effect must have been due to microscopic 
mechanical flaws in the forging, in spite of his failure to find 
such flaws. This is a rather natural explanation, because only 
recently have the manufacturers succeeded in producing 
uniformly sound steel ingots. The fact that Amagat avoided 
the difficulty by making another apparatus with thicker walls 
suggests the same explanation. I did, however, find an 
effect entirely different from that of Amagat at a pressure 
which was usually in the neighbourhood of 6000 kg. /cm. 2, 
but once was as low as 3000. A hardened steel cylinder, 
filled with mercury, in which pressure is produced, will split 
along a radial crack. Cylinders of the same steel similarly 
heat-treated were able to stand without rupture pressures up 
to 24,000 kg./cm.2 when the transmitting liquid was water 
and glycerine, or ether, or carbon disulphide. The rupture 
with mercury takes place a few minutes after the application 
of pressure. If the cylinder were of untreated steel, so that 
its yield point was reached at a pressure lower than that 
usually required to produce rupture in the hardened steel, 
then the results when pressure was transmitted to the walls 
by mercury were not different from the results when the 



RUPTURE PECULIAR TO HIGH PRESSURES 95 


transmitting liquid was water, in those experiments where 
the action of the pressure continued only for a short time. 
But in one case a cylinder of mild steel was exposed to a 
pressure of 4000 kg./cm,^ exerted by mercury for three weeks 
continuously, and then was exposed to a pressure of 12,000 
kg./cm.^, where it broke at once with no preliminary yield, 
although normally such a cylinder could have withstood a 
considerably higher pressure and then would have broken 
only after considerable yield. 

Thfe explanation of the effect involves the chemical affinity 
between mercury and iron. Under ordinary conditions mer- 
cury will not wet iron, and it is difficult to amalgamate an 
iron surface. The reason for this is not that there is no 
chemical affinity between iron and mercury, but that the 
surface of iron is usually protected with a coating of dirt or 
oxide. This may be proved by breaking a piece of iron under 
the surface of mercury, so that the mercury comes immediately 
into contact with the freshly broken surface. Such a surface 
will be found to be brightly amalgamated. Furthermore, the 
amalgamation can be made to spread from such a surface into 
the interior by* warming a piece of iron with an amalgamated 
surface under mercury to a temperature of 200° C. for several 
hours. The presence of the mercury in the interior of such 
a piece can best be shown by fracturing it; the amount of 
mercury is so small that it cannot be found by microscopic 
analysis, but it gives to the fracture a coarse granular structure 
and a characteristic silvery appearance. Examination of the 
cylinders which had been broken by internal mercury pressure, 
by again breaking them across so as to give a section perpen- 
dicular to the axis, always showed an amalgamated band on 
both sides of the pressure fracture, running from the inside 
out. The explanation obviously is that the mercury was 
forced by the internal pressure into the pores of the solid 
steel at the inner surface, where the pores are distended by 
the action of the pressure; that once inside the metal it 
combined chemically, thereby weakening the metal to a 
certain extent ; that the weakening of the metal was greatest 
in the region where, because of some accident, the penetration 
was greatest ; and that because of this weakening the stresses 
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accumulated in the weakened part, opening up the pores 
to still more rapid penetration, so that a state of instability 
was reached by which the amalgamated region travelled 
rapidly to the outside, when rupture took place. The fact 
that cylinders of soft steel are not so rapidly attacked is due 
to two facts. In the first place, soft steel is less liable to 
attack by mercury than hardened steel ; this may be proved 
by direct experiment, and is doubtless connected with the 
fact that the density of hardened steel is less than that of 
soft steel. The second effect is that the plastic stage in soft 
steel is reached at a pressure below that required to force 
mercury into the pores of the steel, and above the plastic 
limit the inner layers of the soft steel cylinder are compressed 
instead of dilated by the pressure, so that mercury cannot 
get between the pores. Mild steel is, however, subject to 
slow attack by mercury under pressure, as shown by the 
experiment with the cylinder exposed to pressure for three 
weeks. 

It appears, then, that rupture is not produced by mercury, 
unless the stress is of such a character as to dilate the metal 
and to force the mercury into the pores. A consequence of 
this is that steel exposed to hydrostatic pressure all over is 
not attacked by mercury, and this gives the suggestion as to 
the technique of employing mercury in high-pressure experi- 
ments. If the mercury is held in a separate container, which 
is itself exposed to pressure on the outside as well as on the 
inside, then the mercury is as inert as any other liquid. 
Whenever mercury is used in high-pressure apparatus, the 
greatest precautions must be used to prevent it from escaping 
from the container and coming into direct contact with the 
walls of the vessel, where the strain is a dilation. A cylinder 
exposed to the action of even a very small amount of mercury 
is very likely to rupture eventually, it may be a long while 
after exposure. 

An effect in some respects similar to that of mercury is 
shown when pressure is transmitted to the walls of the 
cylinder with hydrogen, in that the hydrogen escapes through 
the cylinder walls with rupture (B. 47). The pressure is 
somewhat higher than with mercury, about 9000 kg. /cm.* 
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being required at room temperature, and there are various 
differences in the details of the appearance. On the first 
apphcation of pressure by means of hydrogen, escape of the 
hydrogen takes place at about 9000 kg. /cm.* with explosive 
violence, but the cylinder is not obviously ruptured, and in 
fact I could not tell by the most careful scrutiny where the 
escape had taken place. This performance may be repeated 
a number of times, a crack of visible size gradually develop- 
ing with repetition. It is more difficult to prevent action of 
hydrogen on the steel than action of mercury. Hydrogen 
may be forced by pressure into the pores of a block of steel 
subjected to hydrostatic pressure all over, thus compressing 
all the pores of the metal, conditions which are effective in 
preventing any action by mercury. A piece of steel exposed 
to hydrogen in this way gradually becomes permeated with 
hydrogen with great loss of strength. The fracture of a piece 
of steel which has been rotted by the action of hydrogen is 
characteristically coarse and granular in appearance, in 
distinction to the fine granular fracture of heat-treated steel. 
This action of hydrogen imposes a very serious limitation t© 
any investigation of its properties at high pressures, because 
hydrogen goes into solution to some extent in any trans- 
mitting medium, and the steel is weakened and breaks after 
use a few times, with considerable incident danger. 

It is not impossible that other gases may exert a similar 
action. Thus I have observed a rupture after long exposure 
to high pressures exerted by air, which suggests something 
similar to the effect of hydrogen, with the difference that the 
effect is very much slower. Experiments now in progress 
indicate that helium may be somewhat similar in its action 
to mercury; at any rate, ruptures are produced with helium 
as the transmitting fluid which would not be produced by 
ordinary liquids. I have not found any effects with ordinary 
liquids indicating that they can be driven into the steel to 
the slightest extent by any pressures at my command. 

* A. Michels, Proc. Roy. Acad. Amst., 81 , 55 (1928)- 

• A. Heydweiller, Wied. Ann., 64, 725 {1898). 

» E. H. Amagat, C.R.. 100 , 633 (1885). 



CHAPTER V 


P-V-T RELATIONS IN FLUIDS 

Introduction. — The p-v-t relations of a substance cover a 
variety of phenomena which are often treated separately. If 
one's chief interest is in the pressure aspect of phenomena, it is 
most natural to measure the volume as a function of pressure 
at some constant temperature ; such measurements are usually 
listed as compressibility measurements. If compressibility 
measurements are carried out at several different tempera- 
tures, the results may be described as giving the tempera- 
ture coefficient of compressibility. But if instead of varying 
pressure at several different constant temperatures one had 
varied temperature at several different constant pressures, 
then the results would have been described as a study of 
the way in which the thermal expansion varies with pressure. 
Going a step farther, if the measurements of volume are 
accurate enough to give the second temperature derivatives, 
then one may employ the relation 



to study the variation of Cp with pressure, and by an integra- 
tion to obtain Cp as a function of pressure. Various other 
effects which have been the object of direct measurement are 
also implicitly involved in a complete knowledge of the 
p-v-t relations. For example, the adiabatic compressibility 
as distinguished from the isothermal compressibility, and also 
the temperature rise accompanying adiabatic compression, 
involve nothing not determined in terms of the complete 
p-v-t relation and a knowledge of Cp as a function of tempera- 
ture at atmospheric pressure, which we may assume to be 
known. Or there is another p-v-t phenomenon which has 
been the object of direct experiments, namely, the way in 

98 



P-V-T RELATIONS IN FLUIDS 


99 


which the temperature of the maximum density of water is 
affected by pressure. 

It is a well-known result of thermodynamics that a sub- 
stance is completely characterised thermodynamically when 
the p-v-t relation is given, and in addition Cp along some 
line not an isothermal. If we may assume that Cp is already 
known as a function of temperature at atmospheric pressure, 
then all we need do to completely characterise the substance 
thermodynamically at all pressures and temperatures is to 
determine with sufficient precision the p-v-t relation. We 
shall in this chapter confine ourselves to this aspect of the 
subject. The attempts that have been made to get equivalent 
information by other methods — for example, the adiabatic 
rise of temperature accompanying compression — have already 
been mentioned in the historical introduction, and have not 
led to results of sufficient importance to justify further 
attention here. 

In this chapter there will be discussed all the information 
that can be obtained from the p-v-t relations of fluids, that 
is, liquids and gases. We regard the various critical pheno- 
mena between liquids and gases as below the pressure range 
of interest here, and in order to limit this discussion to reason- 
able compass, we will somewhat arbitrarily consider only 
those experiments on gases which have been made at pres- 
sures greater than looo kg./cm.*. We shall consider in this 
chapter only phenomena connected with a substance in a 
single phase; in later chapters certain aspects of the p-v-t 
relations in two-phase systems, that is, melting and tran- 
sition phenomena, will be considered. In this chapter the 
discussion will be first of systems of one component, and then 
very briefly of the few cases of two components, solutions or 
mixtures, which have been examined experimentally. 

The methods usually employed in the measurement of the 
compressibility of fluids have been simple modifications of 
the original method of Canton,^ in which the fluid is enclosed 
in a large bulb provided with a capillary by which any volume 
changes of the fluid may be appropriately magnified. Usually 
pressure is applied to the fluid by means of a mercury column 
in the capillary, so that the volume of the fluid is determined 
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in terms of the position of the mercury column. The bult 
and capillary are usually exposed to an external pressure 
equal to the internal pressure, but in some early experiments 
at low pressures the pressure was exerted only on the inside. 
The mercury may be replaced by other fluids; in the original 
experiments of Canton, the pressure transmitting fluid was 
air under the receiver of an air-pump. If the pressure is low, 
the position of the mercury in the capillary may be deter- 
mined optically by enclosing the entire piezometer in a heavy 
steel vessel provided with glass windows for observation. 
If the pressure is too high for convenient optical observation, 
various devices may be used to determine the position of the 
mercury column, such as a hair index floating on the mercury 
column, which is left in the extreme position where it may 
be observed after release of pressure (Tait *). Or the interior 
of the capillary may be gild,ed, and the extreme height reached 
by the mercury determined by the height to which the 
gilding has been dissolved away by the mercury (Tait,* 
Cailletet *). A disadvantage of schemes like these is that 
only one reading can be obtained with a single set-up of the 
apparatus. The method may be converted into a continuous 
reading one, as was done by Carnazzi,* by stretching a fine 
wire along the bore of the capillary and measuring its 
electrical resistance. As the mercury column rises, the wire 
is short-circuited and its resistance decreases. A difficulty 
with this method is irregular capillary action. A compromise 
between the single and continuous reading methods may be 
made by fusing into the capillary a number of platinum 
contacts, and determining the pressure at which the mercury 
column reaches in succession the various contacts. This 
method was devised by Tait, and used extensively by 
Amagat.® Amagat used it for both liquids and gases; when 
applied to gases at high pressures it is necessary to provide the 
piezometer with a sort of antechamber in which the com- 
pression of the gas to the first few hundred kg. can be 
accomplished before the mercury enters the tube with the 
contacts. It is obviously necessary to provide several 
tubes of different dimensions to cover different pressure 
ranges. 
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that of water at atmospheric pressure, whereas, if Boyle's 
law had continued to hold, its density would have been 
three times as great. 

Kohnstamm and Waldstra ** in 1914 have checked the 
work of Amagat on Hg up to 2200 kg. /cm.*. Below 2000 
the agreement is fairly good, the pressures at equal volumes 
differing by about 8 kg./cm.* at 2000. Above 2000, however, 
the discrepancy becomes greater and amounts to 20 kg./cm.* 
at 2200. 

In 1929 Bartlett, Cupples, and Treamearne studied the 
compressibility of Hg, Ng, and a 3 : i mixture of them, up to 
1000 kg./cm,* between 0° and 400® C. This work was done 
at the Fixed Nitrogen Laboratory, and the principal object 
of the work was to obtain data for the reaction to NHg. 
Extensive tables are given for the volumes, the accuracy of 
which is stated to be o-2 per cent. It is found that the 
volumes of the mixtures cannot be calculated by the rule 
of mixtures from the volumes of the components until a 
temperature of 200® is reached; below this temperature the 
actual volume may differ by a maximum of 1-7 per cent, 
from that calculated by the rule. 

There is considerable experimental activity in this field 
at present, and it is probable that at some time in the near 
future there may be papers from Michels in Leyden and 
Keyes at the Massachusetts Institute of Technology. 

My own measurements of the compressibility of the so-called 
permanent gases were made in 1923 (B. 42, 44, 47). Five 
gases were used — Hg, He, Ng, A, and NHg. The design of 
a proper method proved to be unexpectedly difficult. The 
simplest method was tried first, in which a cylinder contain- 
ing a manganin pressure gauge is charged with the gas 
through a by-pass at the top (like that shown in fig. 9I to 
a preliminary pressure of perhaps 2000 kg./cm.*, and the 
compressibility above 2000 determined by measuring the dis- 
placement of the piston as a function of pressure. Because 
of the high compressibility of the gases, the corrections for 
the distortion of the cylinder are unusually low in this 
method, which would have been all that could be desired 
except for the unfortunate fact, already mentioned, that H, 
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ruptures the steel by actually passing through the pores of 
the metal at pressures of 9000 or greater. It is also probable 
that air and O, produce a similar effect, although the action 
is much slower. Another method was then tried in which 
the gas was compressed by a column of mercury into a thin 
steel capillary, and the position of the mer- 
cury determined by measurements of the 
electrical resistance. The difficulty with 
this method was bad contact between the 
mercury and steel and irregular capillary 
action. Finally a method was adopted 
much like that for the compressibility of 
liquids. The apparatus is shown in fig. 27. 
The gas under an initial pressure of 2000 
kg. /cm.* is introduced into the pressure 
cylinder in a cylindrical bomb B, closed at 
the bottom by an inward opening valve 
V of my conventional type. The lower end 
of the cylinder is closed with a plug bear- 
ing a manganin resistance gauge G, and 
the remainder of the cylinder is filled with 
a weighed amount of kerosene, air having 
been removed by several applications of 
vacuum during filling. The upper part of 
the cylinder was closed by a conventional 
moving plug, and pressure produced by 
Fio. 27.— -Apparatus pushing in this plug with a hardened 
compressibility of piston actuated by a hydraulic press. The 
gases by the pis- whole apparatus, including the press, which 
method. was specially constructed, was somewhat 

smaller than that used for most of my 
high-pressure work. The method of functioning is plain : the 
plug is pushed in, increasing the pressure; when pressure 
reaches that of the gas in the bomb, the valve opens inwardly, 
and from here on the compressibility of gas and kerosene 
together are measured, whereas below this pressure the com- 
pressibility of the kerosene alone determines the displace- 
ment of the plug. The compressibility of the kerosene may 
be eliminated by measurements made by other methods, or 




P-V-T RELATIONS IN FLUIDS 


107 


special calibrating runs may be made in which the gas is 
replaced by a core of steel, the compressibility of which is 
known. There is a small correction, not more than i per 
cent, at the maximum pressure of 15,000 kg./cm.*, for the 
stretch of the steel cylinder under internal pressure; this 
correction was calculated by elasticity theory. It might be 
feared that there would be an error in this method due to 
the solution of the gas in the kerosene; if such an error exists, 
it was too small to detect, the volume always being a single 
valued function of the pressure, independent of the time 
available for the gas to go into solution or to pass by diffusion 
from one part of the apparatus to another. There was 
doubtless a certain amount of solution of gas into the kerosene, 
as shown by the fact that when used to measure the com- 
pressibility of Hj the Hj acted on the steel from solution, 
for the bomb was rotted after several exposures and ruptured, 
the valve stem at the bottom of the bomb was also ruptured, 
as well as the stem of the moving plug at the top, and event- 
ually the outer cylinder itself was ruptured. For this reason 
the results on H, are not as satisfactory as those on other 
gases. It would, however, be a complicated matter to devise 
a method capable of measuring the volumes of H* to the 
highest pressures with an accuracy equal to that attainable 
with more inert gases, and I have not yet attempted it. 
The method also suffers from the restriction that the use 
of kerosene to transmit pressure to the gas makes it impossible 
to measure the compressibility of O, or air because of the 
danger of explosion. 

The bomb was filled to its initial pressure of 2000 by a 
special arrangement which need not be shown in detail. 
The amount of gas was determined by weighing the bomb 
before and after filling. The source of the gas was the con- 
ventional gas bdttle, in which there was a pressure of 100 
kg./cm.* or so. The gas was raised from this to 2000 by a 
couple of intensifiers. The gas in the bottles was not per- 
fectly pure; the amount of impurity was found by a chemical 
analysis, and a correction applied, assuming the law of mix- 
tures for low concentrations. The most impure gas was He, 
in which there was an impurity of 4 per cent, of N*. 
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The experiments were made to a maximum pressure of 
from 15,000 to 16,000 kg./cm.*, and at three temperatures — 
30°, 65°, and 95° C. The data for the effect of temperature 



Fig. 28. — The volume in c.c. per mol. as a function of pressure at 65° of 
nitrogen, hydrogen, and helium, reading from the top down. 


were not particularly good, however, and there is room for 
further work here. It is unfortunate that the method gives 
only the changes of volume beyond 2000 kg./cm.*, so that 
to get absolute volumes the data of other observers must 
be used, which exist only in the case of Hg and N,. To 
obtain the fiducial volumes at 2000 kg./cm.* for the other 
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gases. A, He, and NH*, some extrapolation formula must 
be used which has proved applicable over the previous 
low-pressure range. There is a fairly satisfactory such 
formula for He, but there is nothing of the sort for A 
and NHs, so that for these gases my measurements can 
give only the changes of volume of a known mass beyond 
2000 kg./cm.*. 

The results are shown in the appended figures and tables. 



Fig, 2g. — The product pv as a function of pressure for nitrogen, hydrogen, and 
. helium, reading from the top down. 


In fig. 28 the volume in cm.^ per molecule is shown at pressures 
above 3000 for Ng, Hg, and He. If the perfect gas law were 
satisfied these curves would be identical for the three gases, 
and would be part of an equilateral hyperbola. If the curve 
for Ng, for example, were an equilateral hyperbola, its ordinate 
would drop from 36 at 3000 to 7-2 at 15,000, whereas the 
ordinate at 15,000 is actually 25*4. The great departure from 
the perfect gas law is exhibited in another way, as was done 
by Amagat, in fig. 29, where pv is plotted against pressure. 
At 15,000 the volume of Ng is more than 16 times greater 
than it would be if the perfect gas law were valid, that of 
Hg more than 9 times greater, and that of He 6 times greater. 
In fact, at these high pressures the compressibility of these 
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gases approaches very closely to that of ordinary liquids. In 
fig. 30 the ‘instantaneous’ compressibility is plotted as a 
function of pressure for these three gases and also for 
water and CSj. The extreme variation of the compressi- 
bility of these five substances at 15,000 is by a factor less 
than 2. 

To a not bad first approximation pv is linear in pressure, 



I f \ 

Fig. 30. — The compressibility a function of pressure of helium at 

55®, hydrogen at 65°, nitrogen at 68®, CS, at 65°, and water at 65°, reading 
from the top down. 


which obviously means that the relation between pressure 
and volume can be approximately written ^(d— «) =const. 
If this equation were rigorously true, ‘a’ would have the 
significance of the volume under infinite pressure. To a 
second approximation, however, pv against pressure is 
distinctly not linear, but is concave downward. If we 
assume that pv is of the second degree in pressure, then to 
a second approximation the equation of an isothermal can 
be written in the form 


p[v—{a—hp)\ =const.. 
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which exhibits the ‘co- volume' (a—bp), as decreasing with 
increasing pressure. 

Passing now to the finer details in the behaviour at high 
pressure, in fig. 31 is plotted the change of volume in cm.* 



Fig. 31. — The change of volume in c.c, per mol. as a function of pressure 
reckoned from 3000 kg. as the fiducial pressure. At 10,000 kg. the 
order of the curves, reading from the top down, is : helium at 55°, 
nitrogen at 68®, hydrogen at 65®, argon at 55®, and ammonia at 30®. 


per molecule of the five gases reckoned from 3000 kg./cm.^ 
as the fiducial pressure. A significant feature of the diagram 
is the crossing of some of the curves: that of A crosses that 
of NH3 at about 6800 kg. /cm. and that of Ng crosses that 
of He at 12,500, and it seems probable that there will be 
other crossings beyond the pressures of the diagram. The 
meaning of a crossing is a change of relative compressibility. 
Thus at first, at pressures below 3000, He is more compres- 
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sible than Ng, as would be expected because it is monatomic, 
and its atom is considerably smaller than the molecule of N 
But at higher pressures there is a reversal, and the gas with 
the complicated molecule becomes more compressible than 
that with the simple atom. It is natural to associate this 
reversal with the same compressibility of the atom or molecule 
which manifests itself as a downward curvature of the pv 
curve. The compressibility at high pressures is naturally to 
be ascribed in most part to the loss of volume of the atoms 
or molecules themselves, the vacant spaces between atoms 
or molecules having been mostly squeezed out of existence 
already at lower pressures. The reason, then, that at high 
pressures a system of Ng molecules becomes more compressible 
than a system containing an equal number of He atoms is 
that the complicated Nj molecule is larger and has in it greater 
possibilities of further compression than the simple He atom. 
The determining factor apparently is the electronic structure 
of the fundamental unit. Consider the case of A and Hj; 
at pressures beyond those of the diagram it seems highly 
probable that the curve for A will rise and cross that for H^. 
At low pressures, diatomic H2 is more compressible than 
monatomic A, because the molecule of H 2 is smaller than 
the atom of A, and its co-volume smaller, but the initial 
superiority of the compressibility of H2 disappears at moderate 
pressures when the empty spaces have been wiped out, and 
above this A becomes more compressible, because there is 
more room for compression inside the complicated structure 
of the atom itself, which has 18 extra-nuclear electrons 
against 2 for Hg. The crossing of the curves for A and NH3 
is to be explained in the same way; the NH3 molecule has 
10 extra-nuclear electrons against 18, and is therefore less 
compressible at extreme pressures. 

Our conclusion that an important part of the compressi- 
bility at high pressures is contributed by the compressibility 
of the atoms or molecules themselves is confirmed by the 
behaviour of the various equations of state. Practically all 
of these equations have been built around the data of 
Amagat up to pressures of 3000 kg. /cm.®, or on other data 
limited to even lower pressures. In this range of pressure 
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the compression of the molecules is a relatively unimportant 
factor, and since it is one that is not usually considered in 
elementary discussions, we are to expect that these equations 
of state do not properly emphasise this factor, with the 
result that when the equations are used by extrapolation to 
pressures of 15,000 kg./cm.^, the volumes which they predict 
are too high and the compressibilities too small. This is, 
as a matter of fact, the way in which nearly all the equations 
which have been seriously proposed do act; in my detailed 
paper the figures are given for some of these equations. It 
is to be said, however, that an equation proposed by Becker 
for dealing with the data of Amagat, and specially de- 
signed by Becker to be used by extrapolation to consider- 
ably higher pressures, does reproduce the experimental 
results for Ng up to 15,000 kg./cm.^ with very considerable 
success. 

The measurements on gases were a disappointment in that 
the values which they gave for the thermal expansion of 
gases at high pressures were not entirely satisfactory. It 
is possible, however, to draw the general conclusion that the 
thermal expansion, that is, the increase in volume in cm.® 
of I gm./mol. for 1° rise of temperature, decreases very little 
over the entire range of pressure between 3000 and 15,000, in 
spite of the tenfold or even greater decrease of compressi- 
bility in the same range. From one point of view this is not 
surprising. It is known that the magnitude of the ther* 
mal expansion of a substance involves the failure of the 
restoring forces on the atoms or molecules to be linear 
functions of the displacement, the thermal expansion of 
a substance in which the force is linear being zero. As 
the molecules are squeezed into tighter contact at higher 
pressures, the restoring force may be expected to depart 
from linearity by an increasing amount, so that the thermal 
expansion will stay large, or even increase, as the data 
indicate for H^. 

It is interesting to compare the volumes of the gases at 
high pressures with the volumes which would be calculated, 
assuming the molecules to be of invariable dimensions and 
packed so as to be in contact. In Table I are shown the 
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TABLE I 

Molecular Distances at High Pressures compared with 
Molecular Diameters 


Substance 

Density 

at 

15,000 
at 65° 

Distance between 
Molecular Centres 

Molecular Diameter 
from Kinetic Theory 

Spheres 

Close 

Packed 

Spheres 

Normal 

Cubic 

Piling 

Boyle's 

Law 

Free 

Path 

Hydrogen 

0*1301 

2*97 X lo-^* 

2*65 X lo"" 

2*54 X I0-® 

2*72 X I0~* 

Helium . 

0*340 

2*87 

2*56 

1*98 

2*20 

Nitrogen . 

1*102 

3-89 

3*47 

3*56 

3-80 


distances between molecular centres which would be com- 
puted from the observed densities of the gas, assuming, first, 
closely packed spheres and, secondly, normal cubic piling. 
The molecular diameters calculated by kinetic theory from 
the departures from Boyle's law and from such phenomena 
as viscosity are also included. These diameters are all of 
the same order of magnitude; the packing in the actual 
compressed gas is closest for Ng, and least close for He. 
In view of the fact that the volume curves show no break in 
smoothness up to the maximum pressure, it is difficult to see 
how the volumes can approach so closely to the volumes of 
rigid spheres in contact unless there is some actual compression 
of the molecules themselves. 

The volumes at the highest pressures may also be made 
to give a lower limit for the compressibility of the solid 
phases of these gases. Consider solid Hg at atmospheric 
pressure at — 259-9° C. Its density here is 0-076. Imagine 
now this solid compressed at —259-9° i5»ooo kg./cm.*, 
and then warmed at 15,000 from —259*9° +65° C. Its 

density almost certainly decreases during this latter process, 
both because of the rise of temperature and the discontinuous 
increase of volume when the solid melts to the amorphous 
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fluid phase. Hence the density at —259*9° is greater than 
0*1301, the density at 15,000 at +65° C. Hence the mean 
compressibility of the solid at —259*9° between atmospheric 
pressure and 15,000 is greater than that which would produce 
an increase of density from 0*076 to 0* 1301 . This corresponds 
to a decrease of volume to less than 0*58 of the initial volume, 
which means a higher average compressibility than that of 
any other solid hitherto measured, or any liquid either, for 
that matter, the relative volume of the most compressible 
soUd measured, Cs, being 0*67 at this pressure, and that 
of the most compressible hquid, pentane, about the same. 
In the same way it is possible to compute that the volume of 
liquid Hj at —252° C. is decreased by a pressure of 15,000 to 
less than 0*54 of its initial volume. Similarly, liquid He at 
—271*6° is compressed by 15,000 to less than 0*43 of its 
atmospheric volume. It is, therefore, not unUkely that the 
sohd phases of the noble gases are the solids of highest 
compressibiUty, and if one may reason by analogy with the 
alkali metals, solid xenon would be expected to be the 
most compressible solid element. 

Interesting suggestions concerning the deformation with 
pressure of the atoms or molecules of these gases may also 
be obtained from a consideration of the change of internal 
energy with pressure. This is given by the thermodynamic 


relation 


dE 

dp 


1 / 8v\ 


8v 

0 ^ 


where E is the internal 


energy. It is obvious that at low pressures the sign of 


dE\ . 

— j IS negative. 


the physical interpretation of which is 


that at low pressure the attractive forces are greater than the 
repulsive forces, so that, on the whole, work is done by the 
internal forces when volume decreases at low pressures, and 
the internal energy decreases. At sufficiently high pressures, 
however, the repulsive forces must preponderate, and the 

sign of must reverse. We shall see later in discussing 

ordinary Uquids and solids that this reversal does take place 
for them at pressures in the experimental range. The 
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volume at which the reversal takes place marks the volume 
at which attractive and repulsive forces are in equilibrium. 

— j =0, and the 

attractive and repulsive forces are in equilibrium. Hence, 
to that degree of approximation to which the average molec- 
ular forces are functions of volume only, and this is a fair 
approximation if the molecules act like rigid structures, the 

volume at room temperature at which 

expected to be equal to the volume at o° abs. at atmospheric 
pressure. This expectation turns out to be roughly verified 
for ordinary liquids and solids. But it is far from verified 


for these gases; the point here is that 


over the entire pressure range and 


stays so large 


becomes small so 


rapidly that 


remains negative up to the extreme 


pressure of 15,000 kg./cm.* at room temperature, and the 
mean forces continue to be attractive. But at 15,000 
kg./cm.* at room temperature the volume is approximately 
only half that at 0° abs. at atmospheric pressure, where 
attractive and repulsive forces balance. It is evident, 
therefore, that the whole atom or molecule is so compressed 
by a pressure of 15,000 kg./cm.* that its effective boundary 
— that is, the region in which the repulsive forces rapidly 
assume the ascendancy — is compressed into less than half 
its volume at 0° abs. This is about as striking a demon- 
stration as can be imagined of the necessity of taking account 
of the deformability of the molecule, or, expressed in another 
way, of the impossibility of assigning to the independent 
molecule a ‘law of force,’ which shall be independent of the 
interaction of neighbouring molecules. 

Oompressibili^ of Liquids. — Little further discussion is 
necessary of the methods that have been used for the 
measurement of the compressibility of fluids liquid under 
ordinary conditions. The method of Richards,^* however, 
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piezometer had usually been made by some more isotropic 
material less likely to show hysteresis and other irregular 
effects, since I had already found by direct measurement that 
the elastic deformation of glass at pressures no higher than 
6000 may have irregularities of as much as 4 per cent, because 
of these effects. Steel suggested itself naturally as the 
material with which to replace glass; its compressibility is 
about one-fourth that of glass, it may be made free from 
internal strains by proper annealing, and direct experiment 
had shown that even a piece of boiler plate is equally com- 
pressible in all directions. Secondly, the correction for the 
compressibility of the mercury forced in at the high pressures 
is comparatively large, so that accurate results demanded the 
determination of this correction. This correction is roughly 
proportional to the pressure; thus for measurements up to 
only 500, the correction on the compressibility of water be- 
cause of this effect is only 0*2 per cent., whereas at 12,000 it 
is 3*5 per cent. This situation was met by making two sorts 
of determinations, one in which the piezometer was nearly 
filled with water and mercury was forced in, giving the com- 
pressibility of water except for the correction for the com- 
pressibility of mercury, and a second in which the piezometer 
was nearly filled with mercury and water was forced in while 
the piezometer was in an inverted position, giving the com- 
pressibility of mercury except for the correction for the 
compression of the water forced in. By combining the two 
sets of measurements, the compressibility of water and mer- 
cury could both be found from two sets of equations. The 
distortion of the steel piezometer evidently enters the result, 
and this demands a knowledge of the compressibility of the 
steel. This was determined by direct experiment, and will 
be described later. 

With this method, the compressibility of water and mercury 
was determined to 7000 kg./cm.* at 0° C. and to 11,000 at 22°. 
The pressure limitations were set by the freezing under 
pressure of both water and mercury. The fact that water 
will freeze at high pressure at temperatures above o^" C. was 
not known before this work was started, and it was first 
discovered from the irregularity of the results for compressi- 
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bility at high pressures. Freezing is to be avoided because 
the strains introduced into the steel of the piezometer by the 
sudden change of volume incident to freezing produce rather 
large irregularities in the subsequent behaviour, doubtless 
because of permanent distortions in the steel. There is no 
reason why this method should not be extended to other 
liquids, and I believe it can give as accurate results and as 
conveniently as the method of Richards, over which it has 
manifest advantages for use at high pressures. It has a 
distinct field of usefulness whenever a few measurements of 
compressibility with simple apparatus at a temperature close 
to room temperature are desired. But for an extended series 
of measurements it suffers from the disadvantage of so many 
other methods of giving only one reading for a single set-up, 
and at temperatures greatly different from that of the room, 
waiting for temperature equilibrium between successive 
set-ups is very time consuming. 

The next development (B. ii) was with a continuous 
reading method, which has already been described in some 
detail as applied to gases. In this the compressibility is 
calculated from the displacement of the piston by which 
pressure is produced. The pressure cylinder contains a 
pressure-measuring coil of manganin, and the liquid tu be 
measured in some sort of a container, in which it may be 
separated from the pressure-transmitting liquid by mercury. 
The motion of the piston involves the compressibility of the 
liquid, of its container, of the mercury, and of the transmitting 
liquid, and also the distortion of the whole cylinder. The 
various extraneous effects can be eliminated by auxiliary 
measurements, or by replacing the liquid by pieces of steel, 
the compressibility of which has been determined by other 
methods. A correction which cannot be determined in this 
way is for the change of cross-section of the cylinder under 
pressure ; this can be calculated from the theory of elasticity 
and is at most, at 12,000 kg./cm.^, of the order of only i per 
cent. Hysteresis effects in the steel cylinder play quite an 
appreciable part, more important than in the case of gases; 
to eliminate these it is necessary to make several seasoning 
applications of pressure before the measurements, and then 
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to use the mean of readings with increasing and decreasing 
pressure. With proper precautions it is possible to obtain 
measurements with a single set-up of the apparatus consistent 
to nearly the limit of the accuracy with which the position of 
the piston can be measured with an ordinary micrometer, 
that is, to about o-ooo2 in. on a stroke of 2 or 3 in. All 
measurements of compressibility by this method were made 
with two independent fillings of the apparatus, separated by 
an interval of a month or more of time. The compressibilities 
determined from these independent fillings agreed within o-i 
or 0*2 per cent., and the thermal expansions, determined from 
measurements at 20° intervals of temperature, were consistent 
to 2 per cent. 

The liquids measured by this method were the same twelve 
as those measured by Amagat ; this choice was made in order 
to afford a check on the readings over the common range up 
to 3000, and also because the method of piston displacement 
is not particularly sensitive at the lower pressures, where it 
was desirable to supplement my measurements with the more 
sensitive measurements of Amagat. In order to increase the 
sensitiveness at low pressures, an independent set of readings 
was made over the pressure range between atmospheric and 
2500 kg./cm.^, making the pressure steps shorter than in 
the wider range. It must be recognised, however, that the 
method of piston displacement is not very well adapted with 
the particular apparatus used to give good results below 
500 kg. /cm.®. There is no reason why the method should not 
be good at these lower pressures if the apparatus were 
specially constructed for this range. 

The method of piston displacement I believe to be the 
simplest and most rapid that had been used up to that time 
for mapping out the p-v-t relations, but there were neverthe- 
less certain features capable of improvement. The correc- 
tions for the transmitting liquid were an undesirably large 
fraction of the total effect, and the discovery of the best pro- 
cedure to avoid ei'ror from hysteresis demanded troublesome 
experimenting by the method of trial and error. But the 
most important difficulty with the method has to do with the 
temperature effects. Thermal expansion is determined from 
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measurements of pressure as a function of temperature at 
constant piston displacement, or from the difference of two 
ispthermals. In either case, the apparatus is so constructed 
that the pressure-measuring coil must be subjected to the 
same changes of temperature as the liquid being measured. 
It is easy to see that at the high pressure end of the range the 
accuracy with which the difference of pressure at two different 
temperatures may be inferred from resistance measurements 
may be seriously affected by slight variations in the pressure 
coefficient of resistance with temperature. This source of 
error was eliminated as well as possible by special calibrations 
of the coil at different temperatures, but at best the accuracy 
of the pressure calibration is limited, so that the accuracy 
with which a thermal expansion may be measured is very 
materially less than that possible in a compressibility meas- 
urement. The measurements of the thermal expansions of 
liquids made by this method may, therefore, all be affected 
by the same error. The relative thermal expansions of differ- 
ent liquids, however, should be correct, since the differential 
expansions depend only on the sensitiveness of the resistance 
measurements, which is high, as opposed to the absolute 
accuracy, which is lower. Since from certain points of view 
the behaviour of thermal expansion at high pressures seemed 
to be of particular importance, I have attempted to devise 
other methods permitting a more accurate determination. 

The first of these was unsuccessful for the desired purpose, 
but it is nevertheless of sufficient usefulness to justify mention 
(B. 64). This is another modification of the plunger method 
of Perkins. There are two principal features — in the first 
place the plunger is fitted with extreme accuracy to avoid 
error from leak, and in the second place the method is made 
continuous reading, so that the cylinder need not be opened 
for each reading after every application of pressure. The 
piezometer is shown in fig. 35. The piston is of the same 
diameter as the body of the cylinder, about f in., and is 
ground so as to fit the hole with an accuracy of o-ooooi in., 
a fit which has only recently become possible because of 
improvements in the technique of grinding. The position 
of the piston at any pressure is measured with an electrical 
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device, which has been useful in other places in my high- 
pressure work. A high-resistance wire is attached to the 
plunger, and slides over a contact rigidly fixed to the cylinder, 
but electrically isolated from it. The potential difference 
between the sliding contact and another terminal fixed to 
the wire, when a known current flows in the wire, is measured 
on a potentiometer. From this the length of wire between 
the fixed and sliding electrodes can be found, 
and so the position of the plunger. The use 
of the potentiometer evidently eliminates error 
from contact resistance. The method is as- 
tonishingly sensitive, and permits readings to 
better than a wave-length of light, so that it 
is of the same order of sensitiveness as an 
interference method. Because of the sensitive- 
ness of measurements, the cylinder may be 
made comparatively small, so that it is pos- 
sible to mount it in a separate cylinder apart 
from the manganin gauge, as is possible in 
most of my other high-pressure methods, but 
which was not possible in the method of com- 
pressibility by piston displacement. As a 
consequence, the cylinder containing the gauge 
coil may be kept at a constant temperature 
while the liquid varies in temperature, and in 
this way the error from changing the tern- fig. 35 — Sliding 
perature of the gauge coil is avoided. The ^eter 
apparatus has given very satisfactory results 
in measuring isothermal compressibilities, and in measuring 
the changes of volume accompanying certain polymorphic 
transitions at constant temperature, and has a useful field 
here, but unfortunately it does not work for the precise 
purpose for which it was designed, that of thermal expansion 
measurements at high pressures. The reason for this is that 
during the changes of temperature incident to measuring 
thermal expansion the cylinder of the piezometer must 
experience the rise of temperature before the piston, and 
during this period of temperature inequality there is a 
relative expansion of cylinder with respect to the plunger. 
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and consequent leak. An obvious method of meeting the 
difficulty is to make cylinder and plunger of invar, but 
unfortunately invar is not hard enough to permit application 
of present technical methods of high-precision grinding ; this 
difficulty may perhaps be surmounted in the future. 

The second method is the method of the sylphon (B., yet 
unpublished). The sylphon is a flexible metal bellows that 
has a number of interesting applications in industry. It is 
made commercially by spinning, from a single piece of metal. 
Unfortunately the commercial sizes are too large and too 
stiff for my purpose, and also, unfortunately, it was a matter 
of prohibitive expense ($10,000) to make the jigs and tools 
required for the production by the commercial method of a 
single sylphon of more suitable dimensions. Accordingly, 
sylphons for this purpose were made by soldering together 
stampings of thin sheet brass. The method of using the 
sylphon in a compressibility measurement is very simple ; the 
sylphon is filled with the liquid to be measured and sealed; 
it is then exposed to external hydrostatic pressure, under 
which it shortens until the internal pressure is equal, except 
for a small fraction of an atmosphere depending on the 
stiffness of the sylphon, to the external pressure. The 
change of length of the sylphon is measured by the same 
electrical device as used for the determination of the position 
of the plunger in the piston piezometer, and so the change 
of internal volume may be found. The effective cross- 
section of the sylphon is practically constant, independent 
of its length, as may be checked by independent calibration, 
so that the volume change may be calculated easily from the 
change of length. There are, of course, various corrections 
to apply: for the cubic compressibility of the material of 
the sylphon, and for the effect of pressure on the resistance 
of the measuring wire, etc., but these corrections are all 
small, and may be determined easily by direct experiment. 
It is obvious that the sylphon may be mounted in a separate 
cylinder, so that the pressure-measuring gauge is not exposed 
to temperature changes. Furthermore, there are no hyster- 
esis or other time effects to be guarded against. The sylphon 
is maintained in rectilinear motion during the shortening by 
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an internal plunger and cylinder which act as a guide, and 
which are shown in the detailed view in fig. 36. The sylphon 
is capable of giving rapid p-v-t measurements, and has proved 
very convenient. In use, rather more care must be taken 
than usual to avoid sudden changes of pressure, which may 
easily ruin the sylphon by causing a permanent set in the 
flexible walls by an inertia effect, be- 
fore the length can respond to the 
changed external pressure. Care 
must also be taken not to exceed the 
freezing pressure of the liquids. 

Experimental Results for Liquids. The 
following liquids have been measured : 
by the small plunger method, mer- 
cury; by the modified Aim6 method, 
water and mercury ; by the piston dis- 
placement method, water, kerosene, 
methyl alcohol, ethyl alcohol, n-propyl 
alcohol, i-butyl alcohol, i-amyl alco- 
hol, ether, acetone, CSg, PCI3, C2H5CI, 

CaHgBr, C2H5I; by the piston piezo- 
meter method (rough measurements 
only), glycerine; and by the sylphon 
method, pentane, i-pentane, normal 
hexane, and its four isomers, n-hep- 
tane, n-octane, n-decane, C^He, C5H5CI, 

CjHgBr, CCI4, bromoform, i-propyl al- 
cohol, n-butyl alcohol, and water. The 
volumes of these liquids are given as 
a function of pressure and temperature in Table II; in the 
original papers the volumes will be found tabulated at closer 
intervals. 

In the paper on twelve liquids measured by the piston 
displacement method an elaborate discussion will be found of 
the effect of pressure on thermal expansion, compressibility, 
pressure coefficient, work of compression, heat of compression, 
change of internal energy, Cp and C^. The discussion in the 
paper on liquids measured by the sylphon method is less 
detailed ; only a hasty summary can be attempted here. 



Fig. 36. — Cross-section of 
the sylphon, and attach- 
ments for determining the 
compressibility of liquids. 
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With regard to the magnitude of the decrease of volume 
produced by pressure, all the non-metallic liquids listed above 
— that is, all except mercury — fall roughly into three classes. 
The first contains only glycerine, the second group contains 
water, CgHjCl, and CgHjBr, and the third all the others. 
Under a pressure of 12,000 kg./cm.* at room temperature 
glycerine loses 13-4 per cent, of its original volume; the three 
substances in the second group lose roughly 20 per cent., and 
those in the third group something of the order of 30 per 
cent. It will be understood that there is considerable 
scattering among the liquids in the 30 per cent, class; of 
these the most compressible is pentane, and the least the 
higher alcohols. Compared with these liquids, mercury loses 
somewhat less than 4 per cent. The reason for the unusually 
low compressibility of glycerine, CgHgCl and CgHjBr, is not 
apparent; particularly striking is the very much smaller 
compressibility of the two latter than CgH*. An interesting 
subject for further investigation would be to find other organic 
liquids of abnormally small compressibihty. The curve of 
volume against pressure of at least most of the Uquids 
examined by the piston displacement method is so nearly 
the same over the entire pressure range that in making the 
calculations it proved advantageous to consider an "average" 
liquid, the volume of which has the following equation for 
pressures over 500 kg. ; 

^V/Vgoo =a(^ -500)"'® +i3(/) -5oo)®« +y(p —500)®-* 

500)“*. 

where 

a = — 0-0029, i3 = — 0-0546, 7 = 4-0-2969, and 8 = —0-1804. 

The curve for any one of the actual liquids could be approxi- 
mately obtained from the curve for the average hquid by 
multipl3dng the four constants just given by a single character- 
istic constant, which was greatest, 1*104, for ether, and least, 
0-8726, for n-propyl alcohol. This gives an idea of the actual 
variation in the 30 per cent, class of liquids. 

It is instructive to compare the volumes at high pressures 
of various isomers. If the most important part of the com- 
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pression at high pressures comes from the compression of the 
molecules themselves, then one would expect that at high 
pressures there would be a tendency for the effect of structural 
differences to be wiped out, and for the volumes to become 
more nearly equal than at low pressures. This is very 
definitely the case with the two isomers, ether and n-butyl 
alcohol (C4H10O), the ratio of the volumes of equal weights 
being 1*096 at atmospheric pressure and 1*037 ^.t 12,000. 
The tendency is not nearly so definite, however, in the other 
isomers investigated. Thus the ratio of equal weights of 
normal and iso-propyl alcohol is i *0250 at atmospheric pressure 
and 1*0049 3.t 12,000, a change in the expected direction. 
The corresponding ratios for n- and i-butyl alcohols are 
1*0051 and 0*9901, not in the expected direction, for n- and 
i-pentane 1*0080 and 1*0163, again not in the expected 
direction, and in the series of the five hexanes the ratio more 
often than not departs from unity as pressure increases. 
However, in all those cases in which the variation is not in 
the expected direction, the absolute value of the ratio is 
much nearer unity than for ether and butyl alcohol or for 
the two propyl alcohols, so that we may still think that the 
main tendency is for isomers to approach equality of volume 
at high pressures, but in those cases where the volume differ- 
ences are not large, there may be disturbing secondary effects 
superposed on the main effect. 

The compressibility, defined as — ( ^ ) , may be at once 

obtained from the shapes of the isotherms which may be 
plotted from the tables of volumes. The compressibility 
will be found to decrease greatly with increasing pressure, 
as of course is necessary if the volume is not to become 
negative. In Table III are shown the relative compressi- 
bihties at various pressures of a number of liquids. On the 
average the compressibility at 12,000 is only y^^th of the 
compressibility at atmospheric pressure. By far the most 
rapid decrease of compressibility occurs at the low pressures ; 
on the average the compressibility has decreased to about 
one-half its initial value in the first 1000 kilograms, whereas 
the decrease in the last 6000 — that is, in the interval between 
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TABLE III 

Changes of Compressibility and Thermal Expansion 

PRODUCED BY PRESSURE 



Compressibility, x 


Dilatation, d 

Liquid 

>ii 

^1*000 

^1000 

^18000 

^tooo 

^11000 

^18000 

<5i 

*^18000 

^1000 

^12000 

^8000 

^18000 

^12000 

Methyl alcohol . 

i8*4 

8*2 

2*20 

o*Os74 

4*29 

2*76 

1*23 

0*03298 

Ethyl alcohol . 

13*7 

7-4 

2*02 

81 

4-50 

2*73 

1*30 

268 

n-Propyl alcohol 

15-8 

7-8 

1*94 

70 

4*8o 

3 *06 

1*33 

237 

i-Butyl . 

i6-6 

6-3 

1*68 

86 

4*15 

2*62 

1*17 

275 

i-Amyl alcohol . 

14-4 

7*1 

1*88 

74 

4*40 

2*84 

1*30 

240 

Ether 

, . 

7.7 

1*62 

96 

3-65 

1*32 

248 

Acetone . 
Carbon bi- 

• • 

7*3 

1-85 

87 


3-27 

1*35 

282 

sulphide 
Phosphorus tri- 

13*8 

6*3 

1*82 

87 

5*47 

3-i6 

i'3i 

262 

chloride 

14*2 

7*1 

1*81 

80 

00 • 

2-83 

I-3I 

278 

Ethyl chloride . 


8*4 

1.78 

90 

3-44 

1*37 

267 

Ethyl bromide . 

14-9 

8-3 

1*87 

82 

. . 

3-46 

1*33 

260 

Ethyl iodide 

14-9 

7*2 

1*89 

81 

4-86 

3-15 

1*22 

248 

Water 

4*9 

3*7 

1*64 

89 

1*00 

I’OO 

1*00 

400 

Kerosene 



1*82 

87 

• • 

• • 

1*14 

280 


6000 and 12,000 — is only by another factor of 2. The 
natural explanation of this is that at low pressures the 
molecules fit loosely together with considerable free space 
between, and the major part of the compressibility at low 
pressures arises from the occupancy of this free space; at 
high pressures, where the free space has become more or less 
squeezed out of existence, this easy sort of compressibility 
disappears, and the compressibility that remains is that 
furnished by the molecules themselves, which persists with 
smaller change over comparatively wide ranges of pressure. 

The variations in compressibility from substance to sub- 
stance are much greater at low pressures than at high. The 
compressibilities at atmospheric pressure vary among the 
organic liquids examined by a factor of 10, whereas at 12,000 
the extreme variation is by a factor of about i-8, or about 
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1*4, omitting glycerine but including water. The great 
difference between the behaviour of glycerine and other 
liquids is confined to the low-pressure end of the range; at 
atmospheric pressure the compressibility of glycerine is very 
much less than that of most organic liquids, but its com- 
pressibility drops much less rapidly with pressure, and at 
12,000 it has risen relatively to about three-fourths of that 
of i-amyl alcohol, for example. 

In spite of the fact that compressibility drops rapidly 
with increasing pressure, it does not drop as rapidly as might 
be inferred from its very rapid drop between atmospheric 
pressure and looo, for example. This point is well broug^it 
out by the various equations of state that have been pro- 
posed on the basis of the work of Amagat to 3000 kg., and 
the situation is much like that with regard to gases, already 
discussed. Nearly all the equations proposed assign to the 
liquid a limiting volume at infinite pressure, and in practically 
every case this limiting volume is too high, higher in fact 
than can be reached by pressures in the experimental range. 
A clean-cut example is afforded by ether. For this substance 
Tumlirz has proposed an equation of state with a limiting 
volume at infinite pressures of 0*7274, and Tammann has 
proposed another equation with a limiting volume of 0*7246, 
whereas at a pressure of 12,000 at 20° C. the measured volume 
is less than this, namely, 0*7216. The explanation is evi- 
dently along the lines already suggested: at low pressures 
so large a part of the phenomenon of compressibility is con- 
cerned with wiping out the free spaces between the molecules, 
that the part played by the compression of the molecules, 
which persists with little change over wide ranges of pressure, 
is obscured, and the limiting volume is set too high. 

The work of compression at constant temperature can be 


obtained at once by an integration, and is W = — 



If W is calculated by this equation and plotted against 
pressure, it will be found, of course, that the curve starts 
out as a second degree parabola tangent to the pressure axis 


in the range in which pressure is low and ( — ) approximately 
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constant. But the drop of I — ) is so rapid that the para- 

bolic range is very low, and at pressures above 2000 the 
work of compression can be represented with fair approxima- 
tion by a linear relation, (a negative, b positive). 

This equation gives a fair means of extrapolating the volume 
to pressures far beyond the reach of experiment. Differ- 

^ = —blp, and integration gives for the 

volume 

AV ==— 6 log^-fC. 

This does not hold for low pressures nor for excessively high 
pressures, but in an extensive range above 500 kg. it is a 
fairly good approximation. Average values for the twelve 
liquids give the following; 

AV = — o-i log, ^•4 -o-6o2 . {p in kg./cm.*). 

The pressure at which this formula must of necessity cease 
to hold is that at which AV = — i. With the values of the 
coefficients given, this occurs at a pressure of 9,000,000 
kg. /cm.®, which is so very much beyond the experimental 
range that the equation may be used for extrapolation with 
fair assurance over a range several fold greater than the 
present range. 

The numerical values of the work of compression are of 
interest. At the higher pressures, this work does not vary 
much from liquid to liquid, the maximum variations being 
only about 25 per cent. The work of compression of ether 
is one of the largest; the work of compressing i gm. of 
ether at 40° C. to a pressure of 12,000 kg./cm.® is about 
15 kg. m., which would raise it to a height of 15,000 m., or 
give it a velocity of about 550 m./sec. This amount of energy 
is not so extreme as many persons are prepared to expect, and 
constitutes one reason why high-pressure experiments with 
liquids are not more dangerous; the steel cylinders in which 
the liquids are confined are usually so much more massive 
than the liquid that any velocity which may be imparted 
to the metal parts is comparatively low. 


entiation gives 
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The thermal expansion decreases with increasing pressure, 
as might be expected, but by an amount materially less than 
the decrease of compressibility, the factor by which the 
expansion at 12,000 is less than its value at atmospheric 
pressure varying from 4 to 8, against an average factor of 
15 for the compressibility. The effect of pressure on the 
average expansion between 20° and 80° has been shown in 
Table III. A mathematical consequence of the decrease of 
expansion with increasing pressure is an increase of com- 
pressibility with increasing temperature. There are two 
factors concerned in the behaviour of expansion at high 
pressures which work in opposite directions. On the one 
hand there is the fact that the natural frequency of the 
molecules increases at high pressures, so that an effect is to be 
expected analogous to that of lowering temperature towards 
o'* abs., where the thermal expansion drops to zero. On 
the other hand, as the molecules are forced into closer 
proximity by higher pressures, their mutual forces of inter- 
action must depart by increasingly large amounts from 
linearity, and it is known that a high thermal expansion 
accompanies a large departure from linearity. It is evident 
that this latter consideration is by far the most important, 
for in many cases the decrease of volume produced by 12,000 
at room temperature is sufficient to reduce the volume to 
considerably less than its value at o® abs. at atmospheric 
pressure. 

At low pressure the thermal expansion of all liquids increases 

, ldH\ 

with rising temperature, that is, ( — 1 >0. This is what 


would be expected, because as temperature is raised at low 
pressures the liquid approaches the condition of a gas, the 
thermal expansion of which is greater than that of any 
liquid. At high pressures, however, this relation is reversed, 

/ d^v\ 

and^™-j <0. The first trace of this effect was found by 


Amagat near the end of his pressure range, 3000, but such 
an effect seemed to him so unlikely that he ascribed it to ex- 
perimental error. Measurements over a wider range prove 
the undoubted reality of the effect, however, and in fact 
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this reversal is shown by all the liquids of my investigation 
for which measurements could be made over a wide enough 

fd^v\ 

temperature interval to establish the sign of ( ^2 ) • 

pressure of reversal is in almost all cases less than 4000, and 
is usually near 3000. 

™ . fS^v\ .... 


This reversal in the sign of 


is obviously a most 


important point for any theory of liquids. Doubtless, the 
explanation is essentially 
connected with the effect 
of non-linearity in the 
intermolecular forces. At 
highpressures.wherethese ^ 
effects are important, the 5 
non-linearity becomes in- S 
creasingly important at ' 

small volumes. If the 
liquid is cooled at con- 
stant pressure, it is car- — 

ried into the region of «f5su«< 

smaller volumes, where ^ 3^ _Xhe ratio should be equal 
the non-linear effects are 


/()p\ 

increasingly important, volume function only, 

with a consequent in- 

(dv\ 

crease of thermal expansion, that is, I — ) increases as 


temperature is lowered at constant pressure, or (^) is 

\dT*/, 

negative. 

The ratio of thermal expansion to compressibility, or 

I mathematically identical to ~(^'j • This 

derivative has received the special name ‘pressure coeffi- 
cient,’ and has played an important r61e in many theoretical 
speculations. The graphical significance of the derivative is 
evident from fig. 37. If the isotherms are drawn for several 
successive temperatures, an approximate value for the 
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derivative may be found from the intersections of lines 
parallel to the pressure axis, as indicated, by forming the 

P*-Pi 


ratios 




etc. If the substance is a perfect gas, or if 


dp 


it obeys van der Waals’s equation, then ( ■£- 

XOT, 

volume only, which in the graph means that 


is a function of 

Pi— Pi p3—Pt 


^ 2—^1 ^3 

etc. The physical basis of this relation in the case of a 
perfect gas is easy to understand. Here the mechanism by 
which pressure is exerted on the walls of the container is 
entirely kinetic in origin, and is given by the total momentum 
of the molecules striking the walls in unit time. But this is 
proportional to kinetic energy or temperature, since each 
molecule that strikes makes a contribution mv, and the 
number of collisions at constant volume is proportional to 
V, making a change of momentum proportional to mv^ or to 
the temperature. The same argument applies whenever the 
pressure mechanism is entirely kinetic; temperature is pro- 
portional to the kinetic energy, and the effective volume of 
the molecules is constant. In fact, the relation holds under 

fdp\ 


somewhat more general conditions. If one puts 


Bt 


==fi{v). 


integration gives P=rfi{v)-\-f2{v), a type of equation which 
includes van der Waals’s as a special case. The physical 
meaning of this result is that pressure can be regarded as 
exerted by two mechanisms acting independently and addi- 
tively, one part, given by /*(«), is at constant volume the 
same at all temperatures as at o® abs., and is evidently the 
part arising from the attractive and repulsive forces of the 
molecules, and a second part, rfi(v), arising from the kinetic 
mechanism just discussed. Van der Waals’s equation in 
particular satisfies these general assumptions, and is of this 
type. Many theoretical speculations on liquids have assumed 
conditions such as these, and the expectation has been strong 
in some quarters that liquids must satisfy the relation 

(^\ r,.. 
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The experimental evidence for this relation on the basis 
of low-pressure measurements has not been unfavourable. 
However, at high pressures the relation definitely breaks 
down. This is shown by my measurements, using the 
sylphon method, for which the temperature intervals were 
wider and small-scale irregularities less confusing than by 
the piston displacement method. Turning to fig. 37, it is 
evident that if the isotherms are drawn for 0°, 50°, and 

95°, and if (^) is a function of volume only, then — — — 
\otJ^ Pt—pi 

should equal — ^=0'g. In Table IV are shown the 

50-0 

TABLE IV 


Check oe Supposed Relation 


dx' 


— f { v ) BY Evaluation of 


P2-Pi 


Liquid 

Relative 

p>-pt 

Relative 

p^-pt 

Relative 


Volume 

pt-pi 

Volume 

p,-pi 

Volume 

Px-px 

n-Pentane 

0-92 

0*84 db 

0*75 

0*98 



i-Pentane . 

0-94 

0*905 

0’8o 

0*972 



n -Hexane 

0-92 

0-95 ± 

0*79 

0*774 



2 -Methyl pentane 

0-94 

0-897 

0*80 

0*910 



3 -Methyl pentane 
2*2 -Dimethyl 

0-94 

0-865 

o*8o 

0*817 

0*75 

0*597 

butane 

0-92 

0-743 

0*82 

0*68 



2‘3-Dimethyl 





butane 

0*95 

0-895 

0*80 

0*747 



n -Heptane 

0-99 

0-914 

0*82 

0*832 



n-Octane . 

0-99 

0-806 

0*87 

0*767 



n -Decane . 

0*94 

0-837 





CeHjCl . 

0-95 

0-893 





C.H,Br . 

0-95 

0*870 





i-propyl alcohol 

0-96 

0*947 

0*86 

0*925 

0*79 

0*900 

n-butyl alcohol . 

0-96 

0-837 

0*86 

0-850 



n-Hexyl alcohol 

0‘8o 

0-845 






values of this ratio for a number of hquids at a number of 
different volumes. This ratio is certainly not always equal 
to 0-9, and often departs from it by an amount far beyond 
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possible experimental error. In general, the tendency is 
for the ratio to become less than 0-9 at small volumes (high 
pressures). 


An explanation of the failure of 



to be a function of 


volume only lies at hand in the compressibility that we have 
had to ascribe to the molecules. If the molecule is deform- 
able, it is obvious that the pressure cannot be regarded as 
exerted by two mechanisms acting independently and 
additively, but there must be interaction between the two 
mechanisms. In particular, as temperature increases at con- 
stant volume, the molecules become compressed, and the 
part of the pressure exerted by the attractive and repulsive 
forces changes. In the detailed paper on the liquids, measured 
by the sylphon method, is given a working-out of the equation 
of state of the simplest conceivable substance consisting of 
a single molecule, but a molecule with elastic deformability. 

(dp\ 


It is there shown that ( ^ ) is not a function of volume only, 


but must involve the temperature also. 

A topic closely connected with that just discussed is the 
change of internal energy with pressure. For this we have 

the thermodynamic relation ~ 


quoted in connection with gases. At low pressures the 
second term is negligibly small, the first term prepon- 
derates, and since is positive for most substances. 


the normal behaviour is that internal energy decreases as 
pressure increases at constant temperature. That is, energy 
flows out faster in the form of heat to maintain the substance 
isothermal than it is put in in the form of mechanical work. 
This result is likely to strike one at first as paradoxical; the 
obvious explanation is that on the average the forces between 
molecules are attractive under ordinary conditions, and as 
volume decreases the potential energy of the mutual forces 
decreases. This process cannot go on indefinitely, however, 
but when volume has decreased sufficiently the repulsive 
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forces preponderate, so that (^) must ultimately reverse 

\^P / T 

sign and become positive. The pressure at which reversal 
takes place is evidently given by 



The pressure of reversal for the liquids investigated above is 
in the experimental range, and, in fact, is usually at 7000 
or higher. If the molecules can be treated as undeformable, 
the volume at which this reversal takes place would be ex- 
pected to be equal to the volume at 0° abs. at atmospheric 
pressure. In the case of ether Hildebrand has found that 
the two volumes are about the same; data are lacking for 
most other liquids, but, as will be shown in the next chapter, 
the volume at reversal is usually less than at o® abs. in the 
case of solids. 

The ''heat of compression,'" that is, the heat which flows 
out of the liquid as it is compressed isothermally, is at once 
determined when the change of internal energy and the 
work of compression are known. The numerical value is of 
interest. It turns out that the heat of compressing an 
average liquid to 12,000 kg./cm.^ would be sufficient to raise 
its temperature to about 70° C, if applied adiabatically. In 
actual practice the temperature changes during compression 
are much less than this, because of the comparatively large 
mass of the containing vessels, but the changes of temperature 
are nevertheless so large that the greater part of the time in 
making high-pressure measurements is consumed in waiting 
for equalisation of temperature after changes of })ressure. 

The variation of specific heat with pressure can be found, 
when the p-v-t relation is accurately enough determined, by 
means of the thermo-dynamic relations 



and = 



The effect of pressure on specific heat has been calculated 
for the twelve liquids measured by the piston displacement 
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method, and a detailed discussion will be found in that paper. 
The results are in general complicated. As a rule C, at first 
decreases as pressure is increased, passes through a minimum 
at 2000 or 3000 kg. at roughly 90 per cent, of its initial value, 
and from here on increases somewhat irregularly, usually not 
recovering its initial value under a pressure of 12,000. The 
behaviour of C, is somewhat similar, except that the minimum 
tends to come at lower pressures and at a higher relative value 
of C„ and the subsequent increase usually carries the value 
of C* at 12,000 to something more than its atmospheric value. 
The simple picture of the mechanism of a liquid which led to 

the expectation that would be a function of volume 

only also leads to the expectation that C„ as well will be a 
volume function only. That this cannot be true will be 
evident from an examination of the detailed curves in the 
original paper; it is not worth while to emphasise the point 
further here. 

The features just discussed are broad general features 
common to the behaviour of all hquids, except highly ab- 
normal ones like water. But superposed on these broad 
effects there are small-scale effects of a high degree of irregu- 
larity, and specific to the different liquids. The original 
papers must be consulted for the details of these small- 
scale effects. Examples of nearly every conceivable type of 
behaviour may be found; the compressibility and thermal 
expansion and specific heats may increase or decrease with 
increasing temperature or pressure, and the curves for 
different temperatures may cross and recross in the most 
bewildering way. The reason doubtless is that the molecule 
is a very complicated structure when the details of its force 
field are taken into account, and the nature of the complica- 
tions is not the same for any two kinds of molecule. The 
effect of these local complications in the molecular field may 
be expected to become important when the molecules are 
forced into close proximity by high pressure, but is com- 
paratively unimportant when the molecules are free to move 
as they please and so act with approximate spherical sym- 
metry at low pressures. One conclusion that I draw from 
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these exceedingly complicated small scale phenomena is that 
the hope of ever deducing for liquids ' an ' equation of state 
is futile. No general considerations can possibly be broad 
enough to give a single type of equation which shall be elastic 

enough to reproduce the 
fine scale differences of be- 
haviour of all possible com- 
plicated molecules. All 
that can be expected is to 
find an equation capable 
of reproducing the broad 
general types of behaviour 
discussed above; the fine 
scale differences of indivi- 
dual substances must be 
treated by special con- 
siderations. 

Water is known to be a 
highly abnormal substance 
at atmospheric pressure, 
so that we would expect it 
also to be abnormal under 
high pressure. The most 
striking manifestation of 
abnormality at high pres- 
sure is the existence of 
several varieties of ice, to 
be discussed later, but there 
are also definite irregulari- 
ties in the p-v-t relations 
of the liquid. In the neighbourhood of o® C. at atmospheric 
pressure the most striking abnormality is the minimum in the 
curve of volume against temperature at 4®. On the curves of 
volume against temperature at constant pressures higher than 
atmospheric, the temperature of this minimum is found to 
be displaced. In fig. 38 are shown curves of volume against 
temperature for a number of successively increasing pressures. 
In order to save space in the diagram, the different curves 
are crowded together, but the scale of the ordinates gives the 



Fig. 38. — Relative volume of water as a 
function of temperature at several 
constant pressures. The pressures, in 
kg. /cm.®, are given by the figures on the 
curves, running from o to 3000. The 
figures on the right give the volumes of 
the liquid at the pressure in question 
and a temperature of o® C. The curves 
are crowded together to save space : on 
a correct scale they would be separated 
by spaces about ten times as great as 
those shown. 
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correct change of volume on any one curve. The curves show 
that as pressure increases the minimum temperature is shifted 
toward lower values, and at the same time the change of 
volume beyond the minimum temperature becomes less pro- 
nounced, until at 1500 kg./cm.* a maximum volume as well 
as a minimum comes into the region of realisation. At 2000 
the minimum and maximum coalesce to a point of inflection, 
and beyond that the curves become normal. This apparently 
complicated behaviour can be completely explained quali- 
tatively by the usual assumption of two molecular species in 
liquid water of different degrees of association and different 
volumes. As water is cooled at atmospheric pressure, the 
relative number of the associated molecules increases. Water 
in the form of associated molecules occupies more volume than 
in the form of simple molecules. The increase of volume due 
to the increased association with decreasing temperature 
eventually becomes so great as to more than compensate for 
the normal decrease of volume due to falling temperature, 
with the result that there is a minimum volume. At higher 
pressures, the associated molecules may be thought to be 
abnormally compressible, so that the volume difference be- 
tween the two kinds of molecules becomes smaller, and the 
whole effect less pronounced, eventually disappearing at high 
enough pressures. There are, however, certain difficulties 
in this explanation by association; perhaps the chief is that 
we would expect the compressibility of liquid water to be 
abnormally high, whereas it is abnormally low. 

As might be expected from the p-v-t relations shown in 
fig. 38, the compressibility and thermal expansion of water 
must behave abnormally. In fig. 39 is shown the thermal 
expansion of water as a function of pressure at several 
different temperatures. In the low pressure part of the range 
the behaviour is highly abnormal, but above 5000 or 6000 
the normal behaviour for all liquids is assumed, the thermal 

expansion being less at the higher temperatures, 

negative. In general, water tends to become completely 
normal at high pressures. The abnormalities of water which 
play so important a part in biological phenomena are more 
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or less local abnormalities, confined to the first few thousand 
atmospheres. We shall see in a later chapter that water 
possesses a number of different solid forms. Tammann ** 
has made a detailed study in which various parallelisms are 
shown between the abnormalities of the liquid and the 
existence of the solid forms. Tammann’s idea is apparently 
that corresponding more or less to each solid form there is a 
particular kind of associated molecule in the Uquid. I do 
not believe that the parallelism can be made quite as close as 
this, or that the concept of association can be made quite as 



Fig. 39. — Thermal expansion of water at several constant temperatures 
as a function of pressure. 


clean cut as many chemists have supposed. In this connec- 
tion should be mentioned direct measurements of the adia- 
batic temperature effect of compression ( ^ ) , by Pushin, 
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and Grebenshchikov up to pressures of 4000 kg. /cm.*. 
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from their observed values, so that the presumption is that 
there is some error in my calculated values. At higher tem- 
peratures the discrepancy disappears. 

Two Component Systems* As regards the compressibility 
of two component liquid systems — that is, of solutions — a 
great deal of experimental material has been collected in 
this field, but none of it is particularly systematic, and 
practically none of it is to pressures higher than looo kg. 
An exhaustive account will be found in the Piezo Chemie 
of Cohen and Schut ; little has been done since the publication 
of that book. The phenomena are exceedingly complicated, 
but there are a few generalisations that may be made. The 
first effect of adding a solute to water is to depress the com- 
pressibility of the solution to less than the compressibility of 
pure water, irrespective of whether the compressibility of the 
added substance is greater than that of water, as when alcohol 
is added, or less, as in the case of electrolytes. The same is 
also true irrespective of whether the volume of the solution is 
greater or less than that of its constituents. In those cases 
where the pure solute has a greater compressibility than 
pure water, the compressibility passes through a minimum as 
concentration increases. 

These facts have been made the basis of a theory of solu- 
tions by Tammann; the leading idea of this theory is that 
the first and most important effect of a small quantity of 
solute is to increase the internal pressure in the water by 
chemical affinity, so that the physical properties of the 
solution at atmospheric pressure, including its compressi- 
bility, are the same as the properties of pure water under an 
external pressure higher than atmospheric by the pressure 
of chemical affinity. Tammann was able to correlate a 
number of effects by this theory, but by no means all, and 
the theory definitely breaks down when applied to non- 
aqueous solutions. Here the phenomena may be the exact 
opposite of those in aqueous solutions; for example, the 
compressibility of solutions of benzene and methyl alcohol 
passes through a maximum greater than that of either pure 
component. 

Tammann and Schwarzkopf have also shown that accord- 
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ing to their views the behaviour of aqueous solutions is in- 
consistent with my observations of the disappearance of the 
minimum in the volume of water at high pressure, but they 
use this as an argument against my observations rather than 
as an argument against their theory. 

Theoretical considerations have been advanced by Richards 
and Chadwell which contain the possibility of explaining, 
at least qualitatively, the variety of effects. According to 
this view, the first effect of adding a solute to a solvent in 
which the molecules exist in different states of association is 
to change the equilibrium distribution between the different 
sorts of molecules. If, furthermore, the molecules in different 
states of association are supposed to have different compressi- 
bilities, then a change in the relative number will be accom- 
panied by a change in compressibility, which may be either 
an increase or a decrease, depending on the relative com- 
pressibility of the different kinds. Superposed on this effect 
is the specific effect of the added molecules, which becomes 
important at high concentrations. 

The compressibility of a few amalgams has been studied by 
Lussana. The results are irregular, but in general the com- 
pressibility of tin amalgams was found to pass through a 
minimum with increasing tin content. 
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CHAPTER VI 


COMPRESSIBILITY OF SOLIDS 

No direct method for measuring the volume compressibility 
of a solid has been devised. The reason for this is not 
difficult to see if one reflects that the only direct method of 
measuring the volume of a solid is by some immersion method 
in a liquid, which must, in the ideal case, remain of constant 
volume during the experiment and must be confined in a 
container of invariable volume. But the volume of no fluid 
or container is invariable under stress, so that corrections 
have to be applied, and the method becomes indirect. The 
situation is complicated because any method of measuring 
the compressibility of a fluid involves a correction for the 
distortion of the vessel in which it is contained, which in turn 
demands, in the simplest case, a knowledge of the compressi- 
bility of the solid metal of the container. The situation may 
be dealt with in two ways : one is to determine indirectly the 
compressibility of the solid by observation of its deformation 
under stresses other than a hydrostatic pressure ; the second 
is to determine the linear changes of dimensions of the solid, 
that is, the linear compressibility, in some way, and from this 
to calculate the change of volume. This latter is in principle 
perfectly satisfactory, since it is just as satisfactory to deter- 
mine the volume of a rectangular block by measuring its three 
linear dimensions as by using a method of immersion in a 
fluid. There have, however, been various difficulties in the 
way of applying the second more straightforward method 
which will be discussed in detail presently. 

Practically all the early measurements of the compressi- 
bility of solids were by indirect methods, involving the theory 
of elasticity. For example, in the case of an isotropic sub- 
stance, which has only two independent elastic constants, 
the cubic compressibility may be calculated from Young’s 
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modulus and the shearing modulus. The first attempts to 
apply this method were obscured by uncertainties in the 
theory of elasticity itself; the controversy between the 
‘multi-' and the ‘rari-* constant schools lasted for some 
time, and was not really settled until Voigt, in the i88o's, 
began his famous experiments on the elastic constants of 
crystals. In applying the results of elasticity theory, very 
widely divergent results were often obtained; the explana- 
tion of these early discrepancies is now felt to be almost 
certainly insufficient isotropy; ordinary drawn rods of the 
metals of commerce are likely to have internal strains which 
can only be removed by very careful annealing, and in the 
early days the materials themselves were intrinsically in- 
homogeneous because of impurities, as shown, for example, 
by the inclusions of slag in all early samples of wrought iron. 
All of this unfortunate early experience led to considerable 
mistrust of the theory of elasticity itself, so that in some 
quarters there has been an unwillingness to accept any com- 
pressibility results obtained by such indirect means. This 
distrust does not seem to be justified, however, provided the 
material satisfies the proper requirements of homogeneity. 
There are, nevertheless, still certain objections that apply 
to any determination of compressibility by such indirect 
methods, and now that other methods have been developed 
capable of yielding results of high accuracy, there is usually 
little excuse for having recourse to an indirect method 
utilising stresses other than hydrostatic pressures. Slight 
departures from perfect homogeneity may be very serious 
in those methods using non-hydrostatic stresses; further- 
more, no such indirect method at present proposed is capable 
at all of showing how compressibility changes with pressure, 
which is one of the significant data to be obtained by high- 
pressure experiments. 

If an indirect method utilising non-hydrostatic stresses 
must be applied, one of the simplest, as far as computations 
are concerned, is that of Mallock.^ In this method the change 
of length of a tube when exposed to internal pressure is 
measured; it may be shown by elasticity theory that this 
change of length involves only the cubic compressibility, so 
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that a determination of the other elastic constants is not 
necessary. This, method has been applied by Grxineisen ^ to 
the determination of the compressibility of a number of metals 
at low temperatures. Here a direct determination would be 
difficult if not impossible, so that the indirect method may 
have a real field. 

The first attempt at a direct measurement of the linear 
compressibility of a solid by Buchanan * has already been 
mentioned in Chapters I and V. His earliest experiment 
was in 1880, when he obtained for the cubic compressibility 
of glass 2*92 xio-® per atmosphere. This is a reasonable 
enough value, but there is no way of checking it, because 
the compressibility of glass may vary through wide limits. 
A later paper in 1904 applied the method to a number of 
solids up to 300 kg.^m.*. These values were not at all 
good, and were particularly bad for the metals, leading in 
the worst case, that of platinum, to the value 5*5 xio~^ for 
cubic compressibility against 3-6xi0“’, the correct value. 
There must have been some more or less constant error in 
Buchanan's measurements, perhaps a refraction effect in the 
glass tube through which he made his observations. Amagat * 
in 1889 published results obtained by a somewhat similar 
method to 2000 atmospheres. The pressure range was too 
high to allow optical observations, and the changes of length 
were determined by an electrical contact device. He found 
for the compressibility of glass a value 2 or 3 per cent, greater 
than by indirect methods, and stated, without giving the 
data, that the agreement was equally good for a number 
of metals. Amagat never published the details of the method, 
however, and apparently was not satisfied with it. His results 
for the metals were not particularly good; for example, his 
value for iron was 6*8 x io~^, against the probably correct 
value of 5*9 x^io”^. Lussana ® in 1904 attempted a complete 
set of determinations, measuring the compressibility of a 
number of solids in a glass piezometer. He determined the 
absolute linear compressibility of the glass by measuring 
electrically the relative displacement of one end of a glass 
rod and a platinum wire attached to the pressure cylinder 
and dipping into a mercury cup attached to the rod. But 
L 
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his results were very bad, giving, for example, compressi- 
bilities of Sn, Pb, and Cu 50 per cent, too high. Richards * 
in 1907 published an attack on the problem by a method 
much Uke that of Amagat. An iron rod 27 meters long was 
mounted vertically in a pressure cylinder with a mercury 
cup on the upper end into which a platinum point dipped 
attached to a pressure-tight screw passing through the top 
of the cylinder, the height of which could be measured with 
a cathetometer. The difference of position of the platinum 
point when making contact with and without pressure gave 
at once the linear compressibility. Richards’s pressure range 
was about 500 kg. /cm.*. The results again were not good, 
his value for the compressibility of iron being 3-85 x 10-* 
against 5-9x10-^. The reason for the discrepancy is not 
entirely clear; it is probably connected with a change of 
shape under pressure of the mercury drop. 

The very considerable discrepancies in the various values 
for the compressibility of the metals when I took up high- 
pressure experimenting made it important that the matter 
should be cleared up as a preliminary to the measurement 
of any compressibility over an extended pressure range. My 
first attack on the problem was published in 1907 (B. 2) up 
to 6200 kg. /cm.*. A rod of iron, enclosed in a pressure 
cylinder, was kept tightly pressed against a shoulder at one 
end with a spring, and at the other end carried a brass ^eeve, 
which pressed against another shoulder, and which could 
slide on the rod when pressure was applied, making the rod 
shorten relatively to the cylinder. After each application 
of pressure the apparatus was opened and the displacement 
of the sleeve measured. Such measurements • give directly 
the relative change of length of rod and cylinder ; the cylinder 
lengthens under pressure, and this lengthening must be 
determined to obtain the absolute change of dimensions of 
the rod. The lengthening is only about 5 per cent, of the total 
effect, and was determined from observations with a micro- 
scope on the outside of the cylinder, neglecting any warping 
of the cross-section, which was justifiable because the ends 
of the cylinder were some distance away. 

A disadvantage of the method was that the continual 
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opening of the apparatus made work very slow ; furthermore, 
there were errors from particles of dirt getting into the 
apparatus every time it was opened. 

These first measurements were not accurate enough to show 
any change of compressibility with pressure; the average 
compressibility of iron between o and 6200 kg. /cm.* was 
5*59X10“^ at 20° C. An important result obtained with 
this method was to establish by direct measurement that the 
compressibility of a piece of boiler plate was the same 
within at least 0*1 per cent, in directions parallel and perpen- 
dicular to the direction of rolling, thus justifying the calcula- 
tion of the cubic compressibility from the measured linear 
compressibility, assuming equal compression in all directions. 
Later experiments (B. 41, p. 191) established the same result 
for rolled copper. In fact, there is no reason why the relation 
should not apply if the metal is cubic and well annealed; 
if the metal crystallises in some system not cubic, large 
departures may be expected. 

The next attempt was in 1911 (B. 5), in connection with 
measurements of the compressibility of mercury and water 
by the modified Aim^ method already discussed in Chapter V. 
These measurements were made to 10,000 kg./cm.* at 10° 
and 50°; the method was practically the same as that used 
before, except that the containing cylinder was made of a 
different grade of steel, which had a higher elastic limit, there 
having been some evidence that the elastic limit of the steel 
had been exceeded in the previous measurements. The 
change of length of the outer cylinder was measured with a 
Maarten's mirror device. Again the results were not accurate 
enough to show a change of compressibility with pressure, 
but a considerable change was found with temperature, the 
mean compressibility between o and 10,000 kg./cm.* being 
5-83 X10-’ at 10®, and 6-oi xio-^ at 50°. 

The third and last attempt (B. 41) was in connection with 
measurements of the compressibility of thirty metals in 1923. 
The broad features of this method were the same as the two 
others, in that the change of length of an iron rod exposed to 
hydrostatic pressure was measured relative to the containing 
cylinder, and a correction was determined for the change 
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of length of the cylinder by external measurements. The 
method was greatly improved, however, in that it was changed 
from a single reading method, requiring that the apparatus 
be taken apart for each reading, into a continuous reading 
method, by the use of a sliding electrical contact of the kind 
already described in some detail in connection with the 
piston piezometer on page 125. The sensitiveness of the 
method permits the detection of relative motion of 1*5 xiO“* 
cm. ; the regularity and consistency of the readings was such 
that the average departure of a single reading from a smooth 
curve was only o-i6 per cent., corresponding to about I0“* cm. 
With this method departures of compressibility from linearity 
could be easily measured. The final result for the volume 
compressibility of pure iron, depending on something over 
fifty readings at different pressures, and assuming, as was 
justified by direct experiment, that the compressibihty is 
equal in all directions, was — 

at 30°, -AV/Vo=io-’(5-87-2-i xio-’^p)p, 

at 75°, — AV/Vo=io-’(5-93— 2-1 xio-^p)p, 

pressure in kg. /cm.*. 

These results have been taken as fundamental in all my 
later calculations, and have also apparently been accepted by 
other high-pressure experimenters, such as Adams and his 
co-workers at the Geophysical Laboratory in Washington. 

The absolute compressibility of some one metal having 
been established, the way is open for the application of any 
of the methods of measuring relative compressibility. The 
first method is to determine the difference of the volume 
compressibility of the solid and some liquid, by replacing part 
of the liquid in the piezometer by the solid, and measuring 
the net compressibility of solid and remaining liquid. This 
method was applied as long ago as 1881 by Roentgen and 
Schneider,’ in measuring the compressibility of NaCl. The 
most extensive use of this method was by Richards, whose 
measurements give immediately only the difference of com- 
pressibility between the substance in question and mercury; 
in fact, Richards * for many years emphasised that his results 
were to be corrected when a more accurate value for the 
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compressibility of mercury was found, which in turn demanded 
a more accurate value for some fiducial solid. Richards's 
mistrust of the accuracy of some of his absolute values was 
justified, the fundamental value which he used for iron in 
many of his calculations being 2-oxiO“’, or 35 per cent., 
too low. 

The use of a differential method of measuring the volume 
compressibility of solids has also received extensive applica- 
tion at the Geophysical Laboratory,® where my method of 
determining the compressibility of liquids by piston displace- 
ment has been apphed with very little modification to the 
measurement of the compressibility up to 12,000 kg./cm.® of 
a large number of rocks and minerals, substances of geo- 
physical interest. There is a disadvantage in measurements 
by this method in that the compressibility of liquids is many- 
fold greater than that of the ordinary solid, so that the 
correction for the transmitting liquid is an important part 
of the whole measured effect, with a resulting loss of accuracy 
in the final result. The method as used at the Geophysical 
Laboratory is capable of giving the change of compressi- 
bility with pressure of only the most compressible rocks or 
minerals. Furthermore, the method has been applied only at 
room temperature ; there would probably have been further 
complications in attempting to extend the method to a deter- 
mination of the temperature coefficient of compressibility. 

These differential methods determine volume compressi- 
bility; the method which I have exploited measures 
differential* linear compressibility. Such a method is 
particularly adapted to studying the behaviour, under 
pressure, of single crystals, especially non-cubic crystals, 
the compressibility of which is not the same in different 
directions. For such substances the partial information 
given by a' determination of the volume compressibility is 
of small value compared with the more complete information 
obtainable from a measurement of the linear compressibility 
in all the crystallographically independent directions. On 
the other hand, a measurement of volume compressibility 
is perhaps significant enough for non-isotropic substances 
which are full of internal strains, like many rocks. The 
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Fig. 40. — Apparatus 
for determining the 
relative linear com- 
pressibility of iron 
and substances 
which may be ob- 
tained in the form 
of long rods. 


linear compressibility of these is not the 
same in different directions (B. 48), but the 
variations are so complicated as to be of 
no immediate interest. 

I have used two somewhat different 
methods for nieasuring differential linear 
compressibility, depending on whether the 
compressibility is large or small. If the 
compressibility is relatively large, the ar- 
rangement shown in fig. 40 is used. The 
specimen, in the form of a long rod S, is 
kept pressed against the bottom of the 
holder of iron by a spring M. Attached 
to the upper end of the rod is a high-resist- 
ance wire sliding over a contact D, attached 
to the holder but insulated from it. The 
spring N has the function of keeping the 
wire pressed against its contact. The rela- 
tive position of holder and wire is deter- 
mined by a potentiometer measurement of 
the difference of potential between the slid- 
ing contact D and a terminal E fixed to the 
wire, exactly as in the method of the piston 
piezometer. One current terminal is F; 
the other is grounded to the apparatus. 
The whole arrangement is placed in a high- 
pressure vessel, and exposed to hydrostatic 
pressure. If the solid S is differently com- 
pressible from the iron of the holder, there 
is a relative change of length when pressure 
is applied, which is measured on the poten- 
tiometer. The effect of various distortions 
in various parts of the holder — as, for ex- 
ample, in the mica washers by which in- 
sulation is secured — may be eliminated by 
replacing S by a bar. of pure iron, the 
compressibility of which has already been 
measured by the absolute method described 
above. 
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If the substance to be measured is 
relatively incompressible, its motion rela- 
tive to the holder may be conveniently 
magnihed by a lever arrangement as shown 
in fig. 41 ; the magnification of the lev^r 
shown is about sevenfold. The motion 
of the upper end of the lever is measured 
with a sliding-contact device similar to the 
other, which will be sufficiently obvious 
from the diagram without detailed de- 
scription. In the construction of this 
apparatus the pivots on which the lever 
turns must be made with extreme care in 
order that there shall be no irregularity 
in the very small relative motions, which 
are usually a small fraction of a milli- 
metre, even for a pressure range of 12,000 
kg./cm.*. Except for this, the compres- 
sibility apparatus is very easily con- 
structed; the apparatus of fig. 40 in 
particular may be constructed by anyone. 
The lever apparatus may be adapted to 
specimens of a wide variety of dimen- 
sions; a simple modification not shown 
makes it possible to measure the linear 
compressibility of wires, these being held 
in tension instead of in compression. The 
accuracy and self-consistency of measure- 
ments made with this apparatus is sur- 
prisingly high. It is not unusual for the 
average departure from a smooth curve 
of a single reading out of fourteen or 
fifteen to be 0*2 per cent., or even O’l 
per cent., which means a proportionally 
greater accuracy in the mean. The un- 
certainty in the absolute value of the 
pressure itself may be o-i per cent. 

There are evidently a number of cor- 
rections to be applied, such as for the 
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Fig. 41. — ^Lever piezo- 
meter, for determin- 
ing the relative linear 
compressibility of 
iron and substances 
too short for the use 
of hg. 40. 
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effect of pressure on the resistance of the measuring wire, 
and for differential compressibility between the wire and the 
holder, but it is a great advantage of the method that all 
these corrections can be easily determined, and are all very 
small, the total correction being only 2 or 3 per cent., whereas 
in the differential volume methods with a liquid, the correc- 
tions are often materially larger than the effect itself. 

The experimental details of the actual measurements are 
the same whether the material is isotropic or in the single 
crystal condition. The chief difficulty with single crystals 
is in obtaining the material. The most favourable length 
for specimens to be measured in the apparatus of fig. 41 is 
about 2-5 cm., and the diameter may vary from i mm. up 
to 6 mm. It is easy to obtain single crystals of the low 
melting metals of these dimensions by methods which I have 
developed (B. 53) ; a detailed description of the method here 
would be out of place. Not many natural minerals occur 
in perfect crystals of the optimum size, and in most such cases 
smaller crystals must be used. By piling several pieces end 
to end it is possible to make good measurements with single 
pieces only a few mm. long. 

Organic crystals usually require a special technique. These 
are usually so much more compressible than metallic or 
mineral crystals that the use of the piezometer with multi- 
pl3dng lever is not necessary, but it is sufficient to transmit 
the displacement of the specimen directly to the measuring 
wire in a modified form of the apparatus of fig. 40. The 
compressibility is often so great that sufficiently accurate 
measurements can be made on specimens no longer than 5 mm. 
The chief modification in technique necessary in handling 
organic crystals arises from the fact that they are nearly all 
soluble in the pressure-transmitting liquid, so that the 
piezometer must be so designed that the crystal is protected 
from the transmitting medium by immersion in mercury. 
The details of the modified apparatus are described in B. 53. 

Not many organic crystals are easily grown even to such 
dimensions as 5 mm., and those which I have measured have 
been produced with considerable difficulty. In the endeavour 
to obtain suitable inorganic crystals I have searched the most 
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important museums of the United States. Any reader of 
this book who is able to supply single crystals of the requisite 
dimensions of any substances not listed in the following 
Table V would confer a real favour by permitting their use 
for compressibility determinations. 

With the apparatus above the compressibility of a large 
number of solid materials has been determined. The data for 
the most important of these are collected in Table V ; in order 
to economise space the numerical values for the more com- 
plicated substances are not reproduced, but a list of these 
substances is given and the references where the numerical 
values may be found. Included in the tables are data of 
Slater, obtained with my apparatus for a number of alkali 
halides. The values obtained at the Geophysical Laboratory 
for a number of rocks and minerals are not given, but the 
original sources must be consulted for these. Most of the 
measurements can be represented within experimental error 
by a second-degree expression in the pressure, and for these 
it is sufficient to tabulate only the coefficients of the two 
terms of the expansion. There are some materials, however, 
in which the variation of compressibility with pressure is 
high, which cannot be represented within experimental error 
by a second-degree expression, or even by a three- or four- 
constant expression, such as the alkali metals, and for these 
substances the results are given in tabular form at various 
intervals of pressure. 

Discnssioii of Comimssibility of Solids. — The simplest materials, 
and from many points of view the most significant, are 
the elements. It was first pointed out by Richards that 
the compressibility of the elements is a strongly periodic 
function of atomic weight. In fig. 42 this periodic relation 
is shown. In order to get a manageable scale, 7 plus the 
logarithm to the base 10 of the compressibility at room tem- 
perature is plotted, instead of compressibility itself, against 
atomic number. This figure shows all the elements whose 
compressibility is at present known; most of them have 
been taken from my work, but there are a few from other 
sources: C (diamond) was measured by Adams, and Ga, 
As, Se, In, and I by Richards.^^ The experimental methods 
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TABLE V 


AY. 

Vo 


Compressibility of Solids 
--a X lo-’/? — 6 X {p in kg.|cm.*) 


Element and 
reference 

a 

b 

Element and 
reference 

a 

6 

Li 30® 

(B. 41) 75" 

86-92 

89-72 

97*5 

107*3 

Ni 30® 

(B. 41) 75" 

5*29 

5*35 

2-1 

2-1 

Be 30° 

(B. 62) 75" 

8-55 

8-55 

3*88 

3-88 

Cu 30® 

(B. 41) 75" 

7*19 

7*34 

2-6 

2-7 

B 30" 

(B. 72 ) 

5*51 

2*2 

Zn II po- 

Al hex. 

12-98 

13*55 

1*946 

2-025 

5*32 

7-82 

l*ii 

1*47 

C (i) 20® 

1-8 


/• axis I75® 

Na 

See spec 

ial table. 

± ( 30 ° 

(B. 53) hex. { 

Mg II ,30° 

A/ hex. .[ 

1 , axis 1 75° 

(B. un- p °° 

published) 

9-84 

10-15 

9-84 

9-66 

6-51 

7*78 

9*19 

6*95 

axis l75° 

Solid 20® 

Ga (3) 

liquid 30® 

20 r to 
{ 500 
40 Vkg. 


Ge 30° 

(B. 41) 75° 

13-78 

13-64 

6-8 

6-8 

A1 30" 

(B. 41) 75" 

1 13*43 
13-76 

5*0 

5*1 

As (hexagonal) 20® 

44 (2) (t( 
There i« 

tifin in u 

) 500 kg.) 

5 a direc- 

Si (2) 20® 

3*1 (t 

0500 kg.) 

linear compressi- 
bility is at least 
7 times smaller 

P 

See spec 

ial table. 

S 

See spec 

ial tabic. 

(B. 72). ^ 


K 

See spec 

ial table. 

Se non-cubic 20® 
(2) 

118 (t 

0 500 kg.) 

Ca 30® 

(B. 41) 75" 

5697 

58-50 


47*2 

52*7 

Rb 

See spec 

ial table. 

Ti 30® 

(B. 72) 75" 

7- 97 

8- 68 

—0*12 

4'4*5 

Sr 30” 

(B. 41) 75° 

81- 87 

82- 68 

72*5 

71*7 

Va 30" 

(B. 62) 75" 

6-09 

6*12 

2*58 

2*55 

Zr 30® 

(B. 66) 75" 

10-97 

11 06 

7*44 

7-80 

Cr 30" 

(B. 62) 75" 

5*19 

5*31 

2-19 

2*19 

Cb 30® 

(B. unpublished) 75® 

5-70 

5*78 

2-2 

2-2 

Mn 30" 

(B. 72) 75" 

7*91 

8-08 

5*3 

4*8 

Mo 30® 

(B. 41) 75" 

3*61 

3*62 

1*0 

i°o 

Fe 30" 

(B. 41) 75" 

5*87 

5*93 

2*1 

2*1 

Rh 30® 

(B. 45) 75" 

3.72 

3 * 8 i 

2-67 

2-67 

Co 30® 

(B. 41) 75" 

5*39 

5*47 

2*1 

2°I 

Pd 30° 

(B. 41) 75° 

5*28 

5*31 

2*1 

2 ‘X 
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TABLE V — continued 


Element and 
reference 

a 

b 

Element and 
reference 

a 

b 

Ag 30° 

(B. 41) 75 ' 

987 

10*04 

4*4 

4*5 

Ce 30® 

low pressure 

45-63 

45-03 

161*4 

-“ 151*5 

Cd, ^ (hex. 

1 axis 

indirect, 
from elastic 
constants, at 

20®. 

f 1 

(B. 53) ( hex. 

Vaxis 

i8*3 

2*1 


below 4000. 

(B. 62) 75 ® 

Pr 30® 

(B. 62) 75 ® 

33 - 8 

34 - 6 

13 

13 

Hf 30® 

(B. 66) 75 ® 

9-01 

8*8i 

1^ 

Ta 30® 

(B. 41) 75° 

4*79 

4*92 


In (4) 25® 

25*0 (to 


500 Kg.; 

W 30“ 

(B. 53. 41) 75 ° 

3 *i 8 

3-18 

B 

II / 30° 
tetrag. .[ 
axis I75® 

1 /' 30 ® 

(B. 53) tetrag. ) 

axis 1/5® 

6-719 

6-956 

6-022 

6-144 

4*07 

3*91 

4*20 

4-26 

Ir 30° 

(B. 45 ) 75 ® 

2-68 

2-8i 

1*3 

2*2 

Pt 30® 

(B. 41) 75 ® 

3-60 

3-64 

1-8 

1*8 

Sb, 11 r30® 

Ai trig. J 

IT ^ 75 *^ 

1 r 3 o® 
(B. 53 ) trig. { 

axis 1 75 ® 

1648 

16-37 

5256 

5-091 

20*5 

Au 30“ 

(B. 41) 75' 

5*77 

5-70 

3*1 

2-1 

18*0 

456 

Hg 

See spec 

ial table. 

n, non-cubic 25° 
( 4 ) 

27 - 7 (to 

500 kg.) 

J 

Pb 30° 

! (B. 41) 75 ® 

23 - 73 

24 - 33 

17*25 

17*7 

Te, II ,30' 

AL ‘nf- i . 

l, axis 1 , 75 ' 

1 (30° 

(B. 53) trip. I 

axis V 75° 

- 4-137 

-5-132 

27-48 

27-77 

- 9-6 

-13-2 

52 - 7 

53- 6 

i M J (i°° 

Bi, ^ hex. .{ 

'• axis 175° 

1 (-30° 

(B, 53, 41) hex. { 

axis 1 75° 

AV/V. { 3 °: 

15-92 

15*80 

6*624 

7*044 

29-17 

29-89 

ii-i 

ir*6 

4*39 

8-40 

22-43 

31-13 

I (2) 20® 

127 (to 

500 kg.) 

Cs 

See spec 

ial table. 

Ba 30® 

(B. 62) ' 75 ® 

ioi'9 

io6'3 

129 

149 



12-78 

13*29 

La 30° 

(B. 62) 75 ' 

35*13 

35*01 

14*7 

17*1 

Ur 30° 

(B. 41) 75® 

9*66 

9*55 

2-5 

2-2 
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TABLE V — continued 

Special Tables 


Element and reference 

4000 kg. 

8000 kg. 

12,000 kg. 

15,000 kg. 

Na, AVf 3 o° 

(B. 41) V. \ 75° 

0*0570 
o*o6o2 i 

0*1050 

0*1093 

0*1465 

0*1528 


P red 

’ V. l 75 ° 

(B. 62) black 1 30° 

0*0190 

0*0189 

0*0095 

0*0095 

0*0342 

0*0344 

0*0158 

0*0158 

0*0469 

0*0476 

0*0205 

0*0209 


S _ ‘ ® ’ / 30° 

’ direction 1 75® 

(B. 62) ‘6’ Mo® 

direction \ 75° 

• t ’ 1 30° 

direction 1 75® 

AVJ 30 ° 
V. t 75° 

0*0180 

0*0190 

0*0165 

0*0201 

0*0079 

0*0082 

0*0419 

0*0466 

0*0304 

0*0323 

0*0277 i 

0*0334 

0*0143 

0*0148 

0*0707 

1 0*0784 

0*0412 

0*0427 

0*0370 

0*0433 

0*0198 

0*0203 

0*0949 

0*1027 


K, -M 
(B.4I) 

0*1095 

0*1877 

0*2544 


Rb, - AX 50- 

(B. 54) 

0*143 

0*211 

0*254 

0*279 

Cs, — ^ solid 50° 

(B. 54) " liquid 75® 

0*161 

0*063 (1000) 

0*240 

o*io7 (2000) 

0*294 

0*328 

Hg, liquid 20® 

(B. 5) 

0*01485 

0*02754 

0*03 795 
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TABLE V — continued 

Compressibility of a Few Simple Cubic Compounds 


Compound and 
reference 

1 

a 

b 

1 

Compound and 
reference j 

a 

b 

LiF 

30® 

m 

8’6 

KI 

30® 

83*7 

150^7 

(5) 

75“ 


8*6 

(5) 

75° 

86-0 

150-7 

LiCl 

30® 

33*4 

32*4 

RbBr 

30® 

77-8 

133*4 

( 5 ) 

75 ® 

34-4 

32-4 

( 5 ) 

75 ® 

78-4 

133*4 

UBr 

30 « 

wBm 

mm 

Rbl 

30® 

93*8 

197.7 

(5) 

75 ®! 



( 5 ) 

75 ® 

96-7 

197-7 

NaF 

30® 

20*7 


BaF, 

30® 



(B. unpublished) 75® 

20-8 


(B. unpublished) 75° 



NaCl 

30® 

4I'82 

50*4 

SrF, 

30® i 

15*78 

10*3 

(6) 

75“ 

43*44 


(B. unpublished) 75° 

i6*I2 

10*8 

NaBr 

30® 

49-8 

^!p|^ 

CdF, 

30® 

11*02 

8*5 

(5) 

75° 

51*5 

hH 

(B. unpublished) 75° 

10*96 

8-4 

KF 

30® 

32*4 

32*0 

TiN 

30® 

3*32 

2-1 

(5) 

75 ® 

32-6 

32*0 

(B. unpublished) 75® 

3*51 

2-1 

KCJ 

30® 

55*2 

mm 

TiC 

30® 

4*72 

2-2 

( 5 ) 

75” 

56-4 


(B. unpublished) 75® 

4*78 

2*2 

KBr 

30 - 

65*7 

102 '5 





(5) 

75 ® 

67-5 

102-5 






^ L. H. Adams and E. D. Williamson, Jour, Frank. Inst., 195, 493 

( 1923 )- 

* T. W. Richards, Jour. Amer. Chem. Soc., 87, 1646 (1915). 

* T. W, Richards and S. Boyer, ibid., 48, 274 (1921). 

* T. W. Richards and J. D. White, ibid ., 60, 3290 (1928), 

* J. C. Slater, Phys. Rev., 23, 488 {1924) ; Proc. Amer, Acad., 61, 

135 (1926). 

* P. W. Bridgman, ibid ., 64, 33 ( 1929 )- 
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. TABLE V — continued 

Reference Table for Compressibilities of more complicated 
Solid Compounds which have been measured to High 
Pressures 


Alum, ammonium . 

. B. 72 

Jeffersonite . 


. B. 63 

,, chrome 

B. 72 

Limestone, Solenhofen 

. B. 48 

,, potassium 

. B. 72 

Magnetite 

. 

. B. 56 

Ammonium tartrate 

. B. 72 

Nichrome 


. B. 41 

Andradite 

. B. 63 

Ni 37*5, Fe 62-5 

, 

. B. 65 

Apatite 

. B. 63 

(NH,C,H«),SnCl, 


. B. 72 

Argentite 

. B. 56 

Obsidian 


. B. 52 

Bakelite 

. B. 72 

Orthoclase 


• B. 63 

Barite . 

. B. 63 

Pitchstone 


. B. 52 

Basalt . 

. B. 48 

Pyrite . 


. B. 56 

Beryl . 

. B. 63 

Quartz . 


B. 56. 63 

Calcite . 

. B. 56 

Rochelle salt . 


. B. 72 

Catlinite (pipestone) 

. B. 48 

Rutile . 


B. 56, 63 

Celestite 

. B. 56 

Sodium bromate 


. B. 72 

Cobaltite 

. B. 56 

,, chlorate 


. B. 72 

Crocoite 

. B. 56 

„ nitrate 


. B. 72 

Diphenylamine 

B. 72 

Sphalerite 


. B. 56 

Fluorite 

. B. 56 

Spodumene . 


B. 56. 63 

Galena . 

. B. 56 

Tachylite, Kilauea 


. B. 52 

Garnet . 

. B. 63 

„ Torvaig 


. B. 52 

Glass, pyrex . 

B. 48, 52 

Talc 


. B. 48 

,, o miscellaneous 

B. 52, 68 

Tartaric acid . 


. B. 72 

„ SiO, . 

. B. 52 

Topaz . 


. B. 63 

Hanksite 

. B. 63 

Tourmaline 


B. 56. 63 


have already been sufficiently indicated. All my own 
determinations were made by the method of linear com- 
pressibility, except those for Rb and Cs, which are so 
compressible that the piston displacement method was used 
for them. 

The periodic character of the relation is so striking as to 
need no comment. There are certain minor irregularities in 
the curves, such, for example, as in the Zn, Ge, As, Se 
sequence, and in the Cd, In, Sn, Sb, Te sequence. These 
irregularities are without doubt connected in some way with 
the crystal structure, since all these elements are non-cubic. 
It is rather surprising that the factor of crystal system is not 
more disturbing to the periodic relationship ; Zn, for example. 


COMPRESSIBILITY OF SOLIDS 


165 


is seven times more compressible in one direction than 
another, but nevertheless the average compressibility does not 
fall far from the main sequence. 

The most important gap in the results is in the compressi- 
bilities of the rare gases, none of which are known in solid 
form. The direct experimental determination of these would 
be difficult, because of the necessity for making the measure- 
ments at low temperatures; we have seen, however, that 



Fig. 42. — The logarithm to the base 10, plus 7, of the cubic compressibility 
of the elements plotted as ordinate against the atomic number as abscissa. 


measurements on gaseous Hj and He enable lower limits 
to be set to the compressibilities of the corresponding solids, 
and that the probable compressibilities are very high, in 
fact much higher than that of any of the elements shown in 
the figure. It seems almost certain that the positions of 
greatest compressibility in the completed diagram will be 
occupied by the solid rare gases, instead of by the alkali 
metals as at present. Other gaps in the figure include the 
other permanent gases. There is indirect evidence that the 
compressibility of solid N is higher than that of most liquids, 
and that it is probably of the same order as that of solid Cs. 
By far the largest gap among the elements ordinarily solid 
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is among the rare earth metals, few of which have been iso- 
lated in sufficiently large pieces to permit measurement. 

The great range of numerical values of compressibility is 
striking, the range from C to Cs being by a factor of 240; 
the variation would be much greater if the compressibility 
of the solidified rare gases were known. This range of 
variation is much greater than the range in the compressi- 
bility of ordinary liquids; if, however, the temperature 
range were extended sufficiently to include liquid metals and 
liquified rare gases, there is no reason to think that the 
range of compressibilities characteristic of the solid phase 
would be any greater than that for the liquid. 

If the changes of volume that can be produced by pressure 
are compared with those that .can be attained by changing 
temperature, it is significant that for many elements the 
decrease of volume produced by applying 12,000 kg. /cm.* at 
room temperature is materially greater than the decrease of 
volume produced by cooling at atmospheric pressure from 
room temperature down to o"^ abs. That is, more extensive 
information about the way in which atomic forces vary when 
the distance apart of the atoms varies can be obtained by 
changing the pressure within limits experimentally attain- 
able than by changing the temperature. 

It is probably of considerable significance that the com- 
pressibility of the metallic elements and of ionic lattices like 
NaCl are not of different orders of magnitude, indicating that 
the mechanisms are not essentially different. The compressi- 
bility of ionic lattices like NaCl has, of course, been the 
subject of much theoretical discussion, first by Born from 
more classical points of view, and later from the point of 
view of the wave mechanics, and it is now possible to calculate 
rather satisfactorily the compressibility of a material like 
NaCl. In the ionic lattice the attractive forces are deter- 
mined merely by the electronic charges at the lattice points. 
At equilibrium the repulsive forces are of the same general 
magnitude as the attractive forces. Now it is significant 
that the compressibility has the same dimensions as 
where d is the mean distance between atomic centres and e 
the electronic charge. If the compressibility is determined 
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essentially by the interaction of ionic charges, then it is to 
be expected that the compressibility will be of the order of 
magnitude of e~H^, to which it is dimensionally equivalent. 
An equivalent statement, assuming simple cubic arrange- 
ment, and expressing d in terms of the atomic weight, density, 
and mass of the hydrogen atom, is found to be, after sub- 
stituting numerical values, that the compressibility is of the 
order of 


8-6 X 10 - 1*1 


At. Wt.\t 
Density 


or 


Compressibility 

7^ ,yAt. wt.y 


should be of the order of unity. Table VI contains results 
for a number of metals and alkali halides. It seems highly 


TABLE VI 


Substance 

Compressibility 

Substance 

Compressibility 

„ ^ ,yAt. wt.\» 

8.6xio-“(j3^nsityj 

0 . ./At. 

8.6xio-»(^^ensityj 

Li 

3*20 

U 

0-38 

Na 

2*67 

Fe 

0-51 

K 

2-56 

Ni 

0-50 

Ca 

0*86 

Co 

0-48 

Sr 

0-85 

Pd 

0-31 

Mg 

1-02 

Pt 

0‘22 

Zn 

0*91 

LiF 

0*70 

Cd 

0*78 

LiCl 

0*71 

Cu 

0‘6o 

LiBr 

0*68 

Ag 

0-51 

NaCl 

0‘6o 

Au 

0-30 

r-Br 

0-58 

Oe 

0-51 

KF 

0*57 

Sn 

0*53 

KCl 

0*52 

Pb 

0-56 

KBr 

0-5T 

Sb 

0*59 

KI 

0*50 

Bi 

0*59 

RbBr 

0*51 

Mo 

0‘20 

Rbl 

0*48 

W 

o*i6 




probable, because of the similarity of these figures, that 
the mechanism determining compressibility — that is, the 

M 
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nature of the atomic forces — cannot be very different in 
the metals and the ionic crystals, and in fact recent wave 
mechanics developments, in particular the work of Slater,^* 
contain specific suggestions as to what this similarity may 
consist in. 

After the magnitude of the compressibility itself, the next 
significant feature is the variation of compressibility with 
pressure and temperature. It is natural to expect that the 
compressibility will decrease with increasing pressure, and 
this is indeed usually the case, but there is no inner necessity 
in such a decrease of compressibility, contrary to opinions 
that have sometimes been expressed, and there are a few 
substances whose compressibility increases with pressure. A 
number of varieties of glass belong in this category; the 
magnitude of the effect is closely connected with the SiO^ 
content, the effect being largest for pure SiOg glass, the com- 
pressibility of which is 8 per cent, larger at 12,000 kg. /cm.® 
than at atmospheric pressure. From this the increase of 
compressibility may vary all the way down to nothing, 
depending on the composition. It is not difficult to under- 
stand how there may be such an effect if the molecules are 
thought of as approximately like spheres at low pressures, 
perhaps because of rapid rotational motion, but at high 
pressures the rotational motion is inhibited by the increasing 
constraints, and the molecules assume a greater semblance 
of order, perhaps lying side by side like ellipsoids with the 
long axes all pointing in the same direction. It is significant 
that the effect is shown so prominently in a glass which is 
amorphous, and which is capable of existence in a crystal- 
line form of smaller volume. It is to be emphasised, how- 
ever, that, although the amorphous phase may possibly 
at high pressures assume in some degree the order of the 
crystalline arrangement, nothing like crystallisation in the 
proper sense takes place; the relation between pressure and 
volume has no trace of hysteresis, and apparently is perfectly 
reversible. 

Beside the glasses, one crystalline phase is known in which 
the compressibility increases with increasing pressure, the 
low-pressure modification of Ce. It may well be that there 
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is something special in the mechanism here, as would be 
suggested by the fact that the low-pressure modification 
presently gives way at high pressure to another more stable 
phase. 


The ''instantaneous'* compressibility, 


- ) , evidently 


l/dvX 

V \dpj^ 

has a greater tendency to increase at high pressure than the 

I l^ \ 


compressibility proper. 




, which has been the subject 


of discussion above, for the factor - increases with increasing 


pressure, whereas - is of course constant. 
^0 


Except for these few exceptional cases, the compressibility 
does decrease with increasing pressure as would be expected. 
This can be seen by glancing through Table V, for the change 
of compressibility can be at once obtained in terms of the 
coefficients listed. The compressibility, which we abbreviate 
as a, we defined as 



the coefficients a and b listed in the table are the coefficients 
in the relation 


Since 


we have at once 


— —ap + bp^, 
/dv\ 

\^/r\¥/r 


a=a — 26 />, 



-26, 


or the change of compressibility with pressure is the negative 
of twice the second coefficient. Since b is positive in nearly 
all cases, we see at once that compressibility decreases with 
increasing pressure in nearly all cases. 

Furthermore, it is obvious at once on superficial examina- 
tion that those substances for which a is large — that is, those 
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which have a high compressibility — also have a high A, or 
a high rate of change of compressibility with pressure. *This 
fact has been fairly well known ; Richards observed that 
most of those liquids which he measured over a pressure 
range of 500 kg. /cm.* show a similar effect to such a pro- 
nounced degree that if 2b is plotted against a, the points for 
different liquids lie very nearly on a single smooth curve. 
Adams has remarked the same relation for those solids 
which were compressible enough to allow the change of 
compressibility with pressure to be determined by his 
method, and he has suggested the use of the statistical 
relation between a and b disclosed by his measurements as 
a means of finding a probable value for the change of com- 
pressibility with pressure in those cases where it cannot be 
determined by direct experiment. He has used such values 
in discussing the probable change in velocity of elastic disturb- 
ances deep in the earth's crust. It must be remarked that 
this relation has a strong tendency to become less valuable 
as the compressibility becomes smaller. 

If we go further and consider the ratio of the change of 
compressibility with pressure to the initial value of the com- 
pressibility — that is, which by the above is merely 

26 

— , we shall find that, excepting the very compressible alkali 
a 

metals, the order of magnitude of this ratio is iO“® for the 
metallic elements. It is interesting that the dimensions of 


t ( da 


the reciprocal of - — , which numerically is of the order 
a \op/ ^ 

of 10®, has the dimensions of p, and 10® kg./cm.* is the order 
of the internal pressure, which according to various theories, 
in particular that of Richards/® is supposed to characterise 
the interior of solids. It is perhaps of significance that 10® 
is also the order of the pressure which would be exerted by 
various metals if the atoms were completely disintegrated into 
a gas of electrons and protons, acting according to the classical 
gas laws, and occupying the actual volume of the metal. 


If we go a step further and form the ratio 


/ ^a\ 
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number will be found which is now smallest for the most 
compressible metals, and in fact varies from 2*18 for Sr to 

36 for Ir and 39 for Rh. It is to be noticed that ) 

^0 \^plr 

is dimensionless, and it is therefore to be expected that it 
will be of the order of magnitude of a not large number, 
and that any simple theory of the equation of state and the 
compressibility of solids will give a result of the correct 
order. Such was in fact the prediction of Griineisen's theory 
of solids, based on more or less classical conceptions of 
the forces between atoms, and also the prediction of Born's 
theory of crystal lattices, with its inverse second power of 
attraction and its inverse ninth power of repulsion. 

The theoretical explanation of the decrease of compres- 
sibility with pressure has given considerable difficulty. Thus 
the theory of Born, although capable of giving fairly good 
values for the compressibility, did not reproduce at ail its 
change with pressure. Pauling in a comparatively recent 
paper emphasises the inadequacy of the wave theory to 
reproduce this feature, but apparently it is now on the 
point of yielding to treatment in the case of simple ionic 
lattices, and fairly good values have already been obtained 
by Birch in a paper yet unpublished. The theory has not 
yet, however, given a satisfactory treatment of the change 
of compressibility with pressure or even of the compressibility 
itself for metals. 

The values given in the table provide the material for 
finding the change of thermal expansion with pressure; it 
must be recognised, however, that the accuracy of the 

temperature variations given by the table is probably not 

so high as the accuracy of the pressure variations. It follows 
from the various equations of definition that 

/^\ g(75°) -g(30°) 

W4-0 45 

where B is the thermal expansion defined by /3=— ( -- ) 

It is at once evident on inspection that for nearly all metals 
jS decreases with increasing pressure. In other classes of 
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materials, particularly in special directions in a number of 
single crystals, there are exceptions, and the thermal expan- 
sion increases with increasing pressure. The relative change 

. I 

\di> 


For most metals the relative 


of thermal expansion with pressure — that 

Ho 

may be computed, and proves to be for the metallic elements 

of the order of io~®, like — — . 

tto cp 

change of thermal expansion with pressure is somewhat 
smaller than the change of compressibility, but the rule is 
by no means universal, as shown, for example, by Cu, Al, 
and Ir. From the dimensional point of view, it is not 
1 1 dB 

surprising that — 7- and - should be nearly the same in 

a dp p ^P 

numerical magnitude, because the dimensions of both are 


the dimensions of pressure. In the case of - — , we have 

a dp 

seen this to correspond to the internal pressure. 

From one point of view it might be expected that the 
effect of pressure on ^ would be greater than on a, because 
at o® abs. at atmospheric pressure, where in some of these 
cases the volume may be considerably larger than at room 
temperature at 12,000 kg., a remains finite, but jS vanishes. 
We saw, however, that in the case of liquids the behaviour 
is the exact opposite of this expectation, and the thermal 
expansion remains large. The metals approach more closely 
to this expectation, but the departures are still large. 

The internal energy of a substance is a significant feature, 
which may be calculated from a knowledge of a and The 
change of internal energy with pressure is given by the 
equation 


Ordinarily ( ^ ) starts with a negative value at low pressures 

\^P/r 


dE'\ _ 

^¥4 ■ 


40 ) 


/ dv 

^4' 




— that is, as a substance is compressed energy flows out in 
the form of heat faster than it is put in in the form of mechan- 
ical work. The interpretation is that the interatomic forces 
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are on the average attractive under these conditions, and the 
potential energy of these forces decreases as the atoms are 
brought closer together by an amount greater than the rise 
of potential energy of the repulsive forces. But all our 
pictures would suggest that ultimately, when the atoms are 
brought close enough together, the repulsive forces must 


preponderate, so that 


dp 


must eventually become positive. 


The equation above shows that the pressure at which this 
reversal of sign takes place is given by 



In Table VII are shown the values for this pressure for a 
number of metals. In calculating these figures, due account 

has been taken of the variation of both and 

with pressure. The error made by not taking account of this 
variation is of the order of 5 or 10 per cent., the uncorrected 
pressure being in general too low. The significance of the 
pressure found in this way may be taken to be that at the 
volume corresponding to this pressure the repulsive and 
attractive forces are in balance. To a first approximation 
one would expect this balance of the two kinds of forces to 
depend only on the volume. Now at 0° abs. at atmospheric 
pressure the two forces are in balance, as shown at once by 

the equation, for =0 when p=o if t=o. It is in- 

\ ^P Jr 



structive to compare the volume at which 



at room 


temperature with the volume at 0° abs. and atmospheric 
pressure. In Table VII are shown the volume decrements : 
(i) on increasing pressure at 30® C. to the value at which 


I vanishes, and (2) on decreasing temperature at atmo- 

T 

Spheric pressure from 30° C. to 0° abs. We see that the first 
of the volume decrements is always materially larger than 
the second — that is, the volume at 30° C. and high pressure 
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TABLE VII 


Metal 

P, = pressure at 

at 30° C. 

kg. /cm.* 

- AVA^o 

Between 
atmospheric 
pressure and P 
at 30° C. 

On cooling at 
atmospheric 
pressure from 
30® C. to 0® abs. 

Ag 

18,000 

0*0163 

0*012 

A 1 

15.500 

0*0161 

0*012 

Cu 

20,700 

0*0138 

0*0090 

Pb 

10.900 

0*0239 

o*oi88 

Fe 

20,000 

0*0109 

0*0065 

Na 

6,000 ± 

0*082 ± 

0*045 i 

Ir 

21,700 

0*0052 

0*0033 


at which the attractive and repulsive forces balance is less 
than the volume at o° abs. where they balance. The obvious 
explanation of this is that the atoms have themselves been 
deformed by the high pressure, so that the effective boundary 
of the atom — ^that is, the region in which the repulsive forces 
increase rapidly in intensity — ^is closer to the centre of the 
atom at high than at low pressures. These considerations 
contain an approximation in that we have assumed that the 
potential energy of the mutual forces between rigid atoms is 
a function of the volume only. This is not strictly true, but 
it does not seem probable that this assumption could be 
accountable for the large discrepancies of volume found 
experimentally. 

One would like to be able to get the specific heat of the 
metal as a function of pressure, as in the case of liquids, by 

use of the formula This, however, is quite 


beyond the accuracy of these measurements, and in any event 
would have demanded measurements at three temperatures 
at least, whereas only two temperatures were attempted. 

(dh)\ 

However, the initial value of I — I at atmospheric pressure 
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is known for a number of metals, so that the order of magni- 

(dH\ 

tude of the change of with pressure may be found. ( ^ ) 

is almost always positive, so that initially decreases with 
increasing pressure. The initial rate of decrease is usually 
so small, however, that a pressure of lo® or lo® kg./cm.® 
would be required to reduce Cp to zero, assuming the decrease 
to remain independent of pressure at the initial rate. Even 
in the case of so deformable a metal as potassium, a pressure 
of 1*4 xio’ kg./cm.® would be required. These pressures are 
so very far beyond those attainable in the laboratory that 
the conclusion seems justified that in the experimental range 
the change of Cp is negligibly small. 


The difference between Cp and Cp, given by t 


dv 


involves only first derivatives, and may be computed as a 
function of pressure in terms of quantities listed above. It 
will be found on actually making the computations that there 
is no universal rule, but Cp— Cp increases with pressure for 
some metals and decreases for others. 

The entropy, s, of an ordinary substance decreases with 


pressure according to the relation 


If the 


total entropy content of a body is limited and is equal to 
zero at o'’ abs., as demanded by the third law, then the total 
decrease of entropy brought about by the application of any 
pressure, no matter how high, cannot be greater than the 

CC 

total entropy content of the body as given by | —dr. That 

Jq 


is, 


Jo \°P/T \ J| 


8s 

defined limit. 


If 


dpj must not exceed a certain well- 
remained constant with pressure, this 


limit could obviously be exceeded, so that the decrease of 
with increasing pressure appears as a necessity, imposed 

P 

by thermodynamics. The restriction imposed by the finite 
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value of ( — 

\0T, 

fdv 


is most exacting for those substances foi; which 


j is large and Cp comparatively small. 


These substances 


are the low melting, mechanically soft, substances, and in 
particular the alkali metals. For K the data are known 
with sufftcient accuracy to permit an evaluation of the 

(dv\ 


integral, taking account of the variation of 


dr 


with pres- 


sure, and it will be found that the entropy decrease brought 
about by an application of 12,000 kg./cm.* at 30° C. is only 
one-third of the entropy decrease on cooling from 30° C. to 
0° . abs. at atmospheric pressure. That is, assuming the 
average rate over the first 12,000 kg./cm.*, about 40,000 
kg./cm.* would be necessary to reduce the entropy to o. 
/dv\ 




actually becomes smaller at the high pressures, so 


that probably pressures of the order of 100,000 kg./cm.* must 
be reached before the restriction imposed by the entropy 
condition becomes of dominating importance. If, however, 
the atom itself should begin to disintegrate at pressures of 
this order, then changes of entropy much greater than 
allowed by the third law would be possible. 

There are now a number of special topics connected with 
compressibility to be considered. A special discussion of the 
compressibility of the alkali metals is desirable in view of the 
facts that their compressibility is so large, and that the con- 
stitution of the alkali metals is now becoming understood from 
the wave mechanics point of view. The numerical values of 
compressibility have already been given in Table V. The 
compressibility increases in the order of the atomic weight, 
the compressibility of Cs being greatest, and very nearly the 
same as that of the most compressible liquids, such as ether. 
There is this difference between the compressibility of Cs 
and ether : the compressibility of Cs tends to decrease less 
with increase of pressure than does that of ether. 

In the first printing of this book the discussion of the alkali 
metals from tliis point on to the middle of page 183 was to a 
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large extent concerned with the examination of the volume 
relations in terms of the electronic constitution of the atoms. 
The interest of this discussion lay in finding to what extent 
there were any premonitions in the pressure range up to 
15,000 kg. /cm.^ of the ultimate breakdown into a gas of ele- 
mentary electric charges, electron or nucleus as the case may 
be, which theory indicates is to be expected at sufficiently high 
pressures. Certain indications were found of the beginning of 
the ultimate breakdown, principally associated with the 
abnormal behaviour of potassium, which in certain of its 
properties showed a reversal of trend toward the upper end of 
the pressure range. It now appears that this supposed ab- 
normal behaviour of potassium was illusory, since it was based 
on an incorrect reduction of proportional changes of length, 
the experimentally determined quantity, to proportional 
changes of volume. For this reason the previous discussion 
loses much of its point. It also loses point for the additional 
reason that theory has now advanced so far that there is no 
longer any interest in such a crudely qualitative picture of the 
atomic breakdown as was there employed. For these reasons 
the former discussion of the behaviour of the alkali metals is on 
this second printing entirely abandoned, and replaced by a 
discussion of the behaviour at higher pressures, a discussion 
which in the normal course of events would have been re- 
served for the appendix on recent developments. 

Experimental work on the alkali metals since the first 
printing is covered in references B. 89, 92, 103, 104, 117, 134, 
and 135. The first of the new work consisted of measurements 
to 20,000 kg. /cm.* of the linear compression and the mean 
linear thermal expansion between o® and 95° C. of lithium, 
sodium, and potassium. These measurements to 20,000 used 
essentially the same techniques as formerly used to 12,000, the 
extension of. range being made possible by improvement in the 
mechanical properties of the steel. The other measurements 
used the new techniques for higher pressures in which external 
.support is given to the pressure vessel, increasing in step with 
the increase of internal pressure. Successive improvements 
were made in the technique and successive extensions of range. 
The first measurements were of compression to 45,000; next to 
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100,000, followed by a repetition with improvements; and 
finally measurements by improved methods to 40,000“. The 
measurements to 100,000 start from 25,000 as the zero; it is 
for this reason that they have to be supplemented by other 
measurements over a lower range, which are provided by the 
measurements to 40,000. The alkali metals have the largest 
volume compressions of any group of elements except the 
solidified rare gases; it might be thought that for this reason 



Fig. 43. — The volume of the five alkali metals at room temperature as a 
function of pressure to 100,000 kg. /cm.*. 

it would be particularly easy to get good measurements of the 
volume compression. This did not prove to be the case, how- 
ever. The high chemical activity made it necessary to enclose 
the alkali metal in an inert sheath for protection of the pressure 
vessel. The only metals available for the sheath which do not 
alloy with the alkalies are mechanically so stiff that they intro- 
duce considerable error. It was for this reason that the 
measurements to 100,000 were repeated with improved tech- 
nique, resulting in very appreciable revision of the first results 
at the high-pressure end of the range. 

The new results are exhibited graphically in four figures. In 
fig. 43 is shown the relative volume at room temperature of 




Pressure, thousands of hg.lcm.* 

Fig. 44. — The logarithm to the base 10 of the volume per atom multiplied 
by lO** of the five alkali metals at room temperature as a function of 
pressure to 100,000 kg. /cm.*. 


Prassuire, thousands of kg. /cm* 

Fio. 45. — The logarithm to the base 10 of the compressibility multiplied by 
10^ of the five alkali metals at room temperature as a function of pressure 
to 100,000 kg. /cm.*. Beyond 60,000 the curves for lithium and sodium 
are indistinguishable within experimental error. 
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the five alkalies as a function of pressure to 100,000 kg. /cm.*. 
In fig. 44 is shown the logarithm of the volume per atom as 
a function of pressure. Fig. 44 is obtained from fig. 43 by 
multiplying the ordinates of the curves of fig. 43 by the appro- 
priate atomic volumes (21-6, 39-4, 74-8, 92*8, and 117-3, all 
multiplied by 10**^, for lithium, sodium, potassium, rubidium, 
and caesium, respectively) and taking the logarithm. It was 
desirable to show logarithms of atomic volume instead of actual 
values because of the great spread in numerical values. In 

fig. 45 the logarithm of the compressibility, defined as 


-i©. 


is shown as a function of pressure to 100,000. Again, because 
of the great spread of numerical values logarithms are shown 
instead of actual values in order to get all the curves into a 
single manageable figure. In fig. 46 is shown the linear 
thermal expansion of the first three alkalies as a function of 
pressure to 20,000 kg. /cm.*. 

In Table VIII the numerical values of the relative volumes 
are given up to 100,000 kg. /cm.*. 


TABLE VIII 

Relative Volumes of the Five Alkali Metals at Room 
Temperature to 100,000 kg. /cm.*. 


Pressure 
kg. /cm.*. 

Li 

Na 

Metal 

K 

Rb 

Cs 

0 

I 000 

1*000 

1*000 

1*000 

1*000 

5,000 

0*961 

0-938 

0-885 

0-877 

0*841 

10,000 

0*928 

0*888 

0*814 

0*802 

0*761 

20,000 

0-874 

o*8i6 

0*723 

0*708 

0*656 

30,000 

0-831 

0-765 

0*664 

0-647 

o-574(a) 

40,000 

o*8oi 

0-737 

0*628 

0*6I2 

0-521 

50,000 

0*773 

0*708 

0-595 

0-587 

0-431 (h) 

60,000 

0-748 

0*683 

0*568 

0-551 

0*409 

70,000 

0*727 

o*66i 

0*546 

0-528 

0*392 

80,000 

0*707 

0*641 

0*528 

0-507 

0*381 

90,000 

0*689 

0*623 

0*513 

0*489 

0-375 

100,000 

0*672 

0*606 

0*500 

0*473 

0*368 


(a) Transition at 23*300. Volumes: 0*6284 0*6224. 

(b) Transition at 45,000. Volumes: 0*498 and 0*442. 
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Inspection of the table and the figures shows the unique 
position of caesium with respect to the other alkali metals, a 
unique position which was formerly erroneously ascribed to 
potassium. Caesium is the most compressible of the alkalies, 
and, if abnormalities are to be expected at all, caesium is perhaps 
the place to look for them. The most striking differences 



Fig. 46. — The mean linear thermal expansion between O' and 95'^ multiplied 
by 10* of the first three alkali metals to 20,000 kg. /cm.*. 

between the behaviour of caesium and that of the others is in 
the two reversible volume discontinuities at 23,000 and 
45,000 kg. /cm.*. The mechanical characteristics of these 
discontinuities offer nothing to distinguish them from ordinary 
polymorphic transitions. They are both clean cut, run rapidly 
in either direction, with very narrow region of indifference, if 
any, and very little transgressing of the equilibrium point in 
either direction before the reaction starts with formation of 
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a nucleus of the new phase. The transgression limits for the 
transition at 23,000 were set at less than some 30 kg. /cm.*, a 
figure so low as to be on the limits of the measurable. The 
lower transition is very probably a lattice change from body 
centered to face centered — that is, from a looser arrangement 
to a close-packed arrangement. The reason for this prob- 
ability is given by the theoretical considerations of Bardeen,’^* 
who calculated that there should be a change of lattice type 
of this nature at about this pressure before the experimental 
proof was established. Measurements had, in fact, been made 
before Bardeen’s calculations, but the technique was then in 
an inferior state of development, and I had contented myself 
with recording certain possible discontinuities which permitted 
the interpretation of a polymorphic change, but which I 
thought were more probably to be explained by experimental 
irregularities. With the stimulus given by Bardeen’s calcu- 
lation, the matter was examined again, and with the by now 
improved technique the transition definitely established. This, 
as far as I know, constitutes the only theoretical anticipation 
of a polymorphic transition. 

The volume discontinuity at 45,000, in the light of the lower 
one, was quite unexpected and not easy to understand, for if 
the arrangement above 23,000 is already close-packed, what 
other arrangement is there to which pressure can force the 
lattice ? Furthermore, the volume change of the 45,000 tran- 
sition is more than nine times as large as that of the lower one. 
It would seem that the explanation must be some deep-seated 
rearrangement in the electronic shells. Just what this may 
be can be determined only by detailed calculation. I know of 
at least two theoietical attacks which are being made on this 
at the time of writing, but without agreement as to the precise 
nature of the change. Whatever the nature of the change, it 
would seem from an inspection of fig, 44 that it must involve 
a departure from the scheme of construction of the other 
alkalies, because the atomic volume of the high-pressure 
modification of caesium is less than that of rubidium, thus 
violating the otherwise universal scherne of progression in the 
series. 

It is natural to ask the former question again for the new 
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higher pressure range — namely. Is there any premonition of the 
expected ultimate breakdown into a perfect gas of elementary 
charges ? To answer this question a * perfect gas line * is 
indicated in fig. 44. This shows the shape (displacement 
vertically having no physical significance) of the curve con- 
necting logarithm of volume with pressure if volume is in- 
versely proportional to pressure. None of the alkalies shows 
a perceptible tendency to assume this shape, the high-pressure 
modification of caesium least of all. The unorthodox nature 
of the high-pressure caesium is also suggested by fig. 45, showing 
the logarithm of the compressibility. It is evident that with 
respect to this property high-pressure caesium is unusual, its 
compressibility dropping abnormally rapidly with increasing 
pressure, so that at the highest pressure it is notably less 
compressible than the other alkalies. 

From the fact that the expected premonition of atomic 
breakdown is not found, the conclusion may be drawn that 
much detail in the way of intermediate steps is to be expected 
before complete breakdown is achieved. The pressure range 
between i million and 10 million kg. /cm.^ may be as full of at 
present unsuspected structure as is the present range of low 
pressures. 

Although potassium did not show the precise types of abnor- 
mality described in the first printing of this book, it is to be 
emphasised that nevertheless it does occupy an anomalous 
position in the series of the alkali metals, both its atomic 
volume and its initial compressibility being displaced more 
than would be expected toward rubidium. This suggests an 
unusually open electronic structure for the atom. This is 
confirmed by the progression of the values of the volume per 
elementary charge — that is, the volume per atom divided by 
the number of outer electrons plus one (for the nucleus). 
These values are respectively for Li, Na, K, Rb, and Cs: 
5*4, 3-28, 374, 2*44, and 2*09, allxio'*^. The direction of the 
progression is reversed at potassium. 

The behaviour of thermal expansion at high pressure is of 
undoubted physical importance. Unfortunately it is difficult 
to get good values for it, and special effort was necessary to 
get the values for lithium, sodium, and potassium shown in 

N 
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fig. 46. The striking thing is the reversal in the order of tne 
alkalies at the upper end of the pressure range. This is simile 
to the reversal in the order of the melting-points to be described 
in a later chapter. Again, potassium is obviously out of line 
with lithium and sodium. Theoretically it is to be expected 
that thermal expansion eventually becomes very small at high 
pressures, in oi;der that the entropy may not sink below its 
absolute zero value at atmospheric pressure at 0® Abs. Even 
for potassium, however, the restriction imposed by this require- 
ment is an exceedingly feeble one, for even if the thermal 
expansion of potassium did not decrease further below its 
value at 20,000 kg. /cm.*, a pressure of 450,000 kg. /cm.* would 
be required to reduce its entropy to zero. 

Leaving now the alkali metals, the compressibility of 
alloys has received no systematic investigation. There are 
results by Lussana for a number of brasses ; perhaps the 
greatest number of alloys has been investigated by Mehl 
and Mair,^* who measured about a dozen primary alloys by 
the method of Richards to 500 kg. In general, the compressi- 
bility is less than that computed by the rule of mixtures from 
the pure components. This is what would be expected in 
view of the fact that the observed density is greater than that 
given by the rule of mixtures. These facts are qualitatively 
in accord with what would be expected according to the views 
of Richards on internal cohesive pressures; the matter has 
been elaborated by Mehl.^* 

The compressibility of single crystals next engages us. 
Only non-cubic crystals concern us, since the linear compressi- 
bility of a cubic crystal is the same in all directions, so that 
as far as hydrostatic pressure is concerned there is no differ- 
ence between a single cubic crystal and a microscopic aggre- 
gate of crystal grains. The linear compressibility of six 
non-cubic elements in the single crystal form has been 
determined: Zn, Bi, Sb, Te, Sn, and Mg. The most striking 
characteristic of the compressibility of most of these sub- 
stances is the very great differences in different directions. 
In Zn the compressibility parallel to the hexagonal axis is 
nearly seven times greater than perpendicular to the axis, 
and in Cd it is nearly nine times greater. There is also 



COMPRESSIBILITY OF SOLIDS 185 

strong evidence that the compressibility of single crystal As 
differs greatly in different directions. It is a general rule 
that the compressibility is greatest perpendicular to the best- 
developed cleavage plane, or to the plane of easiest slip, in 
those cases where the cleavage plane is not well developed — 
that is, the compressibility is greatest in those directions in 
which the atomic separation is greatest, as would be expected. 
This difference between different directions is most marked 
in the case of Te ; here the cleavage plane is not perpendicular 
to the crystal axis, but is parallel to it, so that the linear 
compressibility would be expected to be greater perpendicular 
to the axis. This is the case, and, furthermore, the difference 
between the two directions is so great that the compressibility 
parallel to the axis is actually negative. That is, when a 
Te crystal is subjected to a uniform hydrostatic pressure, it 
increases in length parallel to the axis. Of course the 
shortening in the perpendicular direction must be great 
enough to more than compensate, for the total volume must 
decrease under pressure. The fact that the cleavage plane 
in Te runs parallel to the axis instead of perpendicular to it 
is connected with the lattice structure, the atoms being 
arranged in tightly wound helices in the direction of the 
crystal axis, A connection has been suggested by Mehl 
between the negative compressibility along the axis and 
this peculiarity in the structure. 

Magnesium in the single crystal form is of considerable 
interest. This crystallises in the hexagonal close-packed 
arrangement, and the axial ratio is such as to correspond to 
a close-packed arrangement of spheres. In this respect it is 
different from Zn and Cd, which also are hexagonal close 
packed, but their axial ratio corresponds to considerably 
elongated ellipsoids rather than spheres. Now the hexagonal 
close-packed arrangement of spheres does not differ greatly 
from the cubic close-packed arrangement; in fact, if one 
builds up the lattice by adding planes perpendicular to the 
crystal axis, then the relative position of any two planes 
is the same in the hexagonal and cubic pilings, the only 
difference being a small relative change of the third planes. 
It is to be expected, therefore, that a hexagonal close-packed 
arrangement of spheres will not differ greatly in physical 
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properties from a cubic close-packed arrangement, and, in 
particular, that the linear compressibility of such a metal as 
Mg will be nearly the same in all directions, because the 
linear compressibility of a cubic crystal is the same in all 
directions. This actually turns out to be the case, as shown 
by the figures in Table V. 

The temperature coefficient of compressibility, or the 
pressure coefficient of thermal expansion, has a rather strong 
tendency to abnormality in these crystals. The normal 
behaviour is for the compressibility to increase with rising 
temperature, and this is the case for Zn and Sn. But the 
linear compressibility in both directions of Bi and Sb decreases 
with rising temperature, and that of Te increases perpen- 
dicular to the axis, but decreases parallel to the axis by an 
amount sufficient to more than compensate, so that the total 
volume compressibility of Te decreases with increasing 
temperature. The behaviour is still more complicated for 
Mg; the temperature coefficients of linear compressibility 
have different signs in different directions, and, furthermore, 
the second degree terms in the pressure behave differently, 
so that the temperature coefficient of volume compressibility 
is negative at low pressures, but positive at high pressures. 

The compressibility of non-cubic crystals of compounds 
behaves qualitatively in the same way as that of elements. 
There is much room for future work here in determining the 
connection between X-ray structure and the elastic constants, 
in particular the linear compressibility in different directions. 
In general, the difference of compressibility in different 
directions is not so marked in the case of compounds as for 
metals; among all the non-metallic substances examined 
there are none in which the ratio of compressibility in different 
directions is as high as for Zn and Cd, and, in fact, ratios as 
high as 2 are not common. There is no obvious connection 
between the compressibilities in different directions and the 
axial ratios of the crystallographer, there being examples 
both of larger and smaller compressibility in the direction of 
greater axial ratio. It does not follow necessarily, however, 
that the compressibility is not greatest in the direction in 
which the atoms are separated by the greatest amount, 
because there is no immediate connection between the 
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axial ratios of the crystallographer and the atomic distances 
of X-ray analysis. It is not unnatural to think, however, 
that the intensity of atomic forces cannot be related to 
atomic distance in as simple a way in a complicated structure 
composed of many different kinds of atoms as in the simple 
metallic lattices, so that departures from the rule are to be 
looked for. In general, compressibility decreases in all 
directions with rising pressure and falling temperature for 
the more complicated crystals as well as for the metals, 
but there are a number of exceptions to the temperature 
effect, and there is a much greater tendency to irregularity, 
there being a good number of cases in which the temperature 
coefficient of compressibility has different signs in different 
directions. 

One result that came out of the measurements is that 
crystals as they are found in nature are not well-defined 
objects, but have individual variations, which may be im- 
portant. Even a substance apparently as well defined and 
reproducible as quartz has fairly large variations. Thus a 
specimen of quartz measured by me (B. 56) had an initial 
compressibility 6 per cent, greater than a sample measured 
by Adams and Williamson,*^ and showed marked peculiarities 
in different directions, the compressibility perpendicular to 
the trigonal axis increasing with pressure above 6000 
kg. /cm.*. To check the method, I later (B. 63) measured 
a small rod cut from the identical specimen of Adams 
and Williamson, and obtained agreement of initial compressi- 
bility to 0'2 per cent. The average compressibility between 
atmospheric pressure and 12,000 of the two determinations 
differed, however, by considerably more than this, 1*7 per 
cent. Too much significance should not be attached to this 
discrepancy in view of the possible lack of perfect homogeneity 
of the large crystal of Adams and Williamson, and in any 
event it is evident that different specimens may differ by 
much more than the possible error of measurement. 

Among the single crystals of compounds measured are 
several organic substances. The differences of compressi- 
bility in different directions shown by those members of this 
class of substance investigated up to now is perhaps not as 
great as might be expected from the strongly developed 
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crystalline properties. Thus diphenylamine, which has a 
very strong tendency to crystallise from the melt in thin 
plates, differs in linear compressibility in different directions 
by less than 12 per cent. The most extreme variation yet 
found is shown by tartaric acid, the initial compressibility 
of which in the ' a ' direction is only one-sixth of that in the 
'b' direction. This substance is also unusual in the very 
high value of its temperature coefficient of compressibility, 
which is approximately o-ooi8 between 30° and 75° C. 
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CHAPTER VII 


MELTING PHENOMENA UNDER PRESSURE 

The main points in the historical development have already 
been sufficiently indicated in the first chapter. It is enough 
to recall here that the outstanding experimental question 
was as to the character of the melting curve — whether it ends 
in a critical point or rises to a maximum or behaves other- 
wise, and that the chief experimental work in this field , had 
been by Tammann, presented in his two books, which he 
regarded as confirming his theory that the melting curve 
rises to a maximum temperature. 

My own first experiments in this field were published in 
1912 (B. 5, 6) and included measurements of the freezing 
curves of mercury up to 12,000 and water up to 21,000 kg. /cm.*. 
This was followed in 1914 (B. 14) by a paper on the melting 
of eleven substances under pressure, and in 1915 (B. 19) by 
a second paper on the melting of eleven more substances. 
This completed the work specially devoted to this subject, 
but since then a number of other melting curves have been 
observed incidentally; a number were observed in the course 
of measurements of the effect of pressure on polymorphic 
transitions (B. 20, 24, 25), to be described presently, and other 
melting cxurves have been more or less partially determined 
in connection with measurements of the effect of pressure on 
electrical resistance or thermal conductivity or viscosity (B. 
35, 46, 58). In a couple of cases, mercury and gallium, the 
meltilig pressure has been determined as a function of tem- 
perature by observing the point of discontinuity in electrical 
resistance, but in practically all other cases the method of 
volume discontinuity used by Mack and extensively exploited 
by Tammann was employed. A second method used consider- 
ably by Tammaim, that is, of slowly varying temperatme at 
constant volume, plotting pressure as a function of tempera- 

189 



190 


THE PHYSICS OF HIGH PRESSURE 


ture, analogous to the ordinary method of the arrest point 
in determining melting or transition points at atmospheric 
pressure, proved not to be sufficiently trustworthy, because 
of the difficulty of properly correcting for the fact that the 
system is always to a certain extent out of equilibrium. 

It was now possible for the first time, because of the com- 
plete freedom from leak obtainable with the new packing, 

to make the method of volume 
discontinuity give accurate re- 
sults, not only for the tempera- 
ture and pressure of melting, 
but also for the change of 
volume during melting. In fig. 
47 is reproduced a set of ex- 
perimental points giving the 
position of the piston at con- 
stant temperature as a func- 
tion of pressure during the 
freezing of the high-pressure 
modification of ice. By mak- 
ing a series of readings like 
this at different temperatures, 
it is possible to completely determine all the ordinary 
parameters which specify the thermodynamics of melting. 



Fig. 47. — Experimentally deter- 
mined points showing the sharp 
change of volume during freez- 
ing of a pure liquid. 


This can be done through Clapeyron's equation, 


dr tAv 

dp L 


p is known as a function of r along the melting curve, so that 
dr 

— is also known at every point, and this may be combined 
dp 

with the experimentally determined Ai> to give L, the latent 
heat. Furthermore, the difference of slope of the curve 
of piston displacement above and below the discontinuity 
obviously gives the difference of compressibility of solid and 
liquid phases. By combining the difference of compressi- 
bility with other knowledge implied in a knowledge of the 
melting curve, by equations which will be written down 
explicitly later, it is also possible to calculate the difference of 
thermal expansion and specific heat between liquid and solid. 
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In many cases, unfortunately, the ideal state of affairs 
shown in fig. 47 does not hold, because when there are im- 
purities present the melting temperature is depressed by an 
amount depending on the concentration of the impurity. 
If the solid phase separates pure, as it usually does, the 
concentration of the impurity left in the liquid increases as 
freezing progresses, so that instead of having a curve with 
sharp discontinuities, as 
shown in fig. 47, a ^ 
rounded curve as in fig. z 
48 is obtained. From x 
a curve like this it is u 
obviously impossible to 3 
get the difference of jn 
compressibility between ^ 
solid and liquid, and the § 
difference of volume can fe 
only be obtained by an ^ 
extrapolation, as indi- Fig. 48. — Shows the effect of impurity on 

cated by the dotted line. sharpness of the discontinuity at 

. freezing. 

If the impurity is only 

slight, the error in Av caused by such rounding is not impor- 
tant. In more than half my cases the amount of impurity 
was sufficient to cause perceptible rounding, and in these 
cases the difference of compressibility could only be obtained 
by an approximate method to be described later. 

In connection with the question of impurity, an important 
point is whether the initial depression of the melting-point, 
determined by the point at which the pure solid just starts to 
separate from the liquid, is a strong function of pressure or not. 
If it does depend importantly on pressure, an error may be 
introduced into the general shape of the melting curve by 
impurities. The ordinary thermodynamic formula for the 

dfT Rt^ 

depression of the freezing-point with impurity, — = — — , 

an L 

remains valid at high pressure. In general, L in this formula 
increases with temperature along the melting curve, but by 
an amount less than r, so that in general the depression of 
the melting-point increases at high pressure. This means that 
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the melting curve of an impure substance will rise less rapidly 
than the curve of a pure substance, but numerical considera- 
tion shows that the effect is not important, and is without 
doubt negligibly small for those hquids actually investigated. 

In those cases in which the amount of impurity is so con- 
siderable that the initial part of the discontinuity shown as 
A in fig. 48 departs by a measurable amount from the vertical, 
it is theoretically possible to apply a correction for the de- 
pression of the melting-point, as was shown by Tammann. 
In practice, however, this does not work well, since the time 
required to reach complete equihbrium at every intermediate 
stage of the freezing is very long, because of the slowness of 
diffusion, which is accentuated by the large effect of pressure 
on viscosity. It is therefore better to spend the time that 
might have been spent in getting adequate data in increasing 
the purity of the liquid. 

The general set-up of the apparatus is as follows : The 
substance whose melting is to be examined is placed in the 
lower cylinder, suitably separated from the transmitting 
liquid, and this lower cylinder is kept at the desired tempera- 
ture by a regulated bath. Pressure is transmitted in the 
regular way to the lower cylinder through a pipe leading 
into the upper cylinder, which is at the temperature of the 
room. The displacement of the piston into the upper 
cylinder is measured in a suitable way; in most of the 
experiments four micrometer readings were made of the 
position of the piston, so spaced as to avoid error from 
any warping of the frame of the press. The manipulation of 
pressure was not always a straightforward matter because 
of the sub-cooling which most liquids pass through before 
freezing, and which in some cases may be very high. It is 
usually necessary to freeze the liquid completely by running 
several thousand kilograms beyond the freezing pressure, 
and then to make the measurements of piston discontinuity 
with decreasing pressure, which is always possible, because 
the solid phase will practically never superheat with respect 
to the liquid. If the melting-point desired was near the 
upper end of the pressure range, it was in many cases not 
possible to induce freezing by raising the pressure; in these 
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cases freezing had to be induced by the more inconvenient 
method of lowering the temperature by a large amount 
below the expected freezing temperature, and then bringing 
it back after freezing was completed. 

In converting the measured discontinuity into volume 
change a correction has to be applied for the distortion of 
the pressure cylinder, which was less than i per cent, for the 
pressure range of 12,000 kg./cm.*, and also a second correction 
for the change of volume of the transmit- 
ting liquid on passing from the lower to the 
upper cylinder, arising from the tempera- 
ture difference between the two cylinders. mrk 

This second correction may rise to the order 
of 10 per cent, when the temperature differ- 
ence is of the order of 200°, and has to be 
determined by independent experiment in 
which the p-v-t relations of the liquid are 
determined by the methods of Chapter V. 

The method by which the substance 
under investigation is separated from the 
transmitting liquid is a matter of some 
importance. Since the transmitting liquid 
— kerosene or petroleum ether — is in nearly 
all cases miscible with the liquid under 
investigation, it is necessary to prevent 
all contact between the two substances. I 


J 


Fig. 


49. — Container 
for substances 
whose melting 

believe that some of Tammann's results are under pres- 

. ... , sure IS to be deter- 

affected by an error ansing from the partial mined, 
mixing of the two liquids. Mercury was 
used in my experiments as the separating medium ; for those 
substances which are solid at room temperature the arrange- 
ment was as shown in fig. 49. The substance B is placed in a 
cylindrical shell inverted under mercury A in a deeper outer 
shell. The vertical stem, combined with a washer at the top 
not shown, prevents the inner shell from floating to the 
surfs.ce of the mercury and facilitates the removal of the 
shell. The use of steel containers proved to be almost 
essential, because the stress developed in a substance when 
crystallising under pressure is almost always so great as 
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to shatter a glass container. The necessity of using steel 
containers and mercury results in some restriction in the 
kind of substance that can be investigated; for example, 
some of the stronger organic acids could not be investigated 
because of chemical action, and there are other substances 
which are too active chemically. If the substance to be 



Mitrobtnzene 

Fig. 50. — The freezing curve and AV curve of nitrobenzene. The observed 
freezing temperatures are shown by the circles, and the observed AV's 
by crosses. 

investigated is liquid at room temperature, then it is con- 
venient to modify the inner cup of fig. 49 by adding at the 
lower end a capillary stem to facilitate filling. In measuring 
the melting curve of COj, a bulb with an inward open- 
ing valve was used, much like the containers described in 
Chapter V for the compressibility of gases. 

The general experimental accuracy df the measurements is 
indicated in fig. 50, which gives the experimentally deter- 
mined points for nitrobenzene, the p-t points as circles with 
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the scale at the left, and the Av points as crosses with the 
scale at the right. The Av given in this diagram is in cm.® 
per grm. In fig. 51 the melting curves are drawn for a 
number of substances, and in fig. 52 the values of Av. Here, 
in order to afford a better comparison between different 
substances, the fractional Av is shown, that is, Av in cm.® 



Fig. 51. — Melting curves of a number of typical substances. 

per grm. multiplied by the density at 0° C. at atmospheric 
pressure. In fig. 53 are shown the latent heats along 
the melting curve of a number of substances, calculated by 
Clapeyron’s equation from the slope of the melting curve 
and Av, in kg./m. units per grm. molecule of substance. 
The numerical values of melting temperature and Av as a 
function of pressure are given in Table IX for all those 
substances for which I have obtained good data over a wide 
pressure range. 
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TABLE IX 

Summary of Melting Data 


Substance 

Pressure Kg./cm.* 

I 

4000 

8000 

12,000 

4 d* 7 x U . 

i 

178*4 

191*8 


■m 

aa*32 Na 

t 

9762 

128*8 


177*5 


Av 

•02787 

•02072 

■391 

*01398 

i6 i86 P 

t 

44*2 

99*3 (2000) 

148*2 (4000) 

191*9 (6000) 


Av 

•01027 

•01667 

*01436 

*01218 

16155 K 

t 

62*5 

115*8 

152*5 

179*6 


Av 

*02680 

•01676 

*01073 

*00642 

42*107 Ga 

t 

29*85 

21-4 

12*6 

3*55 

69*396 Rb 

t 

38*7 

74*5 (2000) 

95*9 (3500) 



Av 

•0185 

•0119 

*0101 


69*403 Cs 

t 

29*7 

70*2 (2000) 

98*5 (4000) 



Av 

•0136 

•0088 

*0072 


7*432 Hg 

t 

—38-8 

— i8*4 

+ 1-8 

4 - 21*9 


Av 

•002534 

•002512 

•002445 

*002290 

22*28 Bi 

t 

271*0 

256*0 

238*6 

2i8*3 


Av 

•00345 

•00378 

•00407 

’00429 

i6*i6i CO, 

i 

—56*6 

8*5 

55*2 

93*5 


Av 


.0979 

•0697 

*0531 

22*7 SiCl« 

t 

— 10*0(2000) 

42*6 

139*4 

205*4 (IX, 000) 


Av 

*0522 

•0428 

•0330 

•0297 

16*175 CQ, 

t 

— 22*6 

75-8 (3000) 

149*5 (6000) 

2IX’9 (9000) 


Av 

•02580 

•01401 

•00862 

•00538 

22*5 CHBr, 

t 

778 

94-7 

163*2 

209-1 (11,000) 


Av 

•0391 

•0266 

•0188 

*0157 

16*163 CHCl. 

t 

— 6i*o 


58-6 

107*9 


Av 

*• 

•0498 

•0389 

•0321 

S 9’95 CjH.O, j 1 


16*68 

54-3 (2000) 



acetic acid | 


•1560 

•0887 



n-i 

9 

54*1 (2000) 

83-4 

129*6 

156*6 (11,000) 

"1 

IS 

•1003 

•0828 

•0598 

*0520 

29*101 C,H,NO j J 

U 

81.5 

119*0 



acetamide 

L Av 

•109S 

•0429 



nJ 




151*1 

173*5 (11,000) 

"1 

. Av 

• • 

■■ 

•0492 

•0383 
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TABLE IX — continued 


Substance 

Pressure Kg./cm.* 

I 

4000 

8000 

12,000 



0 

0 

0 

0 

23120 C,H, NO, 

r / 

47*90 

64*2 (2000) 



urethane ^ 

VAti 

•05990 

•02774 




u 

67*3 (2500) 

75*8 




L At> 

•03130 

•01880 



TTT^ 

U 


8o*3 (4500) 

119-0 

156*7 


L 


•06294 

*05000 

•03780 

22-22 C 4 H ,04 

t 

54*24 

132-6 

196-8 


methyloxalate 

Av 

•1453 

•0798 

-0606 


22*10 C4H*Br 

t 

— 31*1 

35*9 

85*7 

127-9 


Av 

•• 

•0345 

•0248 

•0205 

22*9 C.HjCl 

i 

— 45-5 

i6-7 

64-0 

103-6 


Av 


•0469 

•0349 

1 -0285 

16-167 C.H.NO, 

t 

5*6 

87-6 

153*8 

198-6 (i 1,000) 

nitrobenzene 

Av 

•0814 

•0555 

*0442 

•0386 

22-17 C,H,NO, 

t 

42-4 

1 59*8 (2000) 

198-8 (4000) 


p-nitrophenol 

Av 

-0891 

•0614 

*0445 


16-171 C 4 H* 

t 

5*4 

96-6 

162-2 

204-2 {11,000) 

benzene 

Av 

•1317 

•0675 

•0485 

•0394 

23-114 C,H ,0 T 1 

ft 

40-87 

63-3 (2000) 



phenol 1 

^ Av 

•0567 

•0280 



ii^ 

ft 

62-1 {2000) 

99-8 

158*8 

209-2 

“1 

1 Av 

•0831 

•0714 

-0564 

-0468 

16-165 C.HtN 

t 

- 6-4 

64*5 

119-1 

165*3 

amlin 

Av 

•0854 

•0631 

•0502 

•0405 

16-181 C,H ,0 

U 

30-8 

84-8 

118-1 


o-cresol ] 

^ Av 

-0838 

•0406 

•0264 


n-l 

u- 


102*7 (6000) 

129*3 

175*9 


L Av 

* • 

•0559 

•0499 

*0422 

22-19 C»H,N J 

ft 

43-6 

I 3 i '3 

204-6 


/’-toluidine \ 

lAv 

•1413 

•0852 

•0647 


16-169 Ci,HuN 

t 

54-0 

144*9 

21 2*9 


diphenylamine 

Av 

•0958 

•0586 

•0448 


22-13 C,,HioO 

t 

47*77 

142-0 

213*7 



Av 

•0904 

*0571 

•0442 



In addition to these measurements over a wide pressure 
range, there are a large number of observations of Tammann 
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up to 3000 kg., and a few by other observers to lower pressures, 
covering in all about forty substances. These will be found 
collected in International Critical Tables, vol. iv, p. 9, in which 
are given the two constants of the parabolic formula 
t—tQ^^ap+bp^, in terms of which Tammann was able to 
reproduce his results. 

In almost all cases the melting curve rises with increasing 
pressure, corresponding, of course, to the fact that the liquid 
usually has a larger volume than the solid. Only three 
cases of falling melting curves have been investigated under 
pressure : bismuth, gallium, and water. The curvature of all 
these is in the same direction, concave downward, which 
means that as pressure increases the abnormal drop of melting 
temperature becomes accentuated. This suggests some sort 
of instability in the structure, and in fact in the case of water 
there is such an instability, and beyond 2200 kg./cm.® ordinary 
ice is replaced by another more stable form, which will be 
discussed in greater detail later. If, however, the downward 
curvature of the melting curves of Bi and Ga is similarly 
evidence of approaching instability, the appearance of the 
expected new modification is deferred to much higher pressure, 
since gallium shows nothing new up to 12,000 kg./cm.^, and 
special experiments on bismuth have disclosed nothing new 
up to nearly 20,000 kg./cm.^ The increase of the slope of 
the melting curve of these metals is not very large, however. 


dr 

the fractional increase in — produced by 12,000 kg./cm.^ 

Up 

being only 12 per cent, for galUum and 60 per cent, for bis- 
muth. The increase for water at 2200 kg., the pressure at 
which the new modification appears, is nearly 100 per cent., 
so that it is evident that the whole pressure scale of 
the phenomena for water is very much smaller than for 
the metals, and it is not surprising if considerably higher 
pressures than those yet reached are necessary to produce 
analogous effects for the metals. 

Except for bismuth, gallium, and water, the melting curve, 
then, rises with pressure. The amount by which it rises 
varies greatly with the material, being least, as would be 
expected, for metals and greatest for some of the complex 
o 
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organic compounds. Among the substances examined by me, 
the smallest effect is shown by lithium, the melting tempera- 
ture of which, rises 3-7° for 1000 kg./cm.*; from here up it 
increases to such typical values as 27-3° per 1000 kg./cm.* for 
SiCh and 62® for CBr4. The greatest effect ever recorded is 
that of Hulett ^ on camphor, the melting curve of which 
rises initially at the rate of 130® per 1000 kg./cm.*. In spite 
of this comparatively wide variation, it is a fair generalisation 
that the effect of pressure on melting is much less than on 
vaporisation, and that, roughly, thousands or tens of thou- 
sands of kilograms per sq. cm. are required to produce changes 
of melting temperature equal to changes of vaporisation 
temperature produced by hundreds of kilograms per sq. cm. 

The curvature of the rising melting curves is, without 
exception, the same as that of the falling curves — that is. 


they are concave downward, or 


d^r 

dp* 


<0. 


Furthermore, for 


d^T 

all rising curves 3-- becomes numerically less at the higher 
dp* 

dT 

pressures, or ^ plotted against p is convex downward. The 
dp 

falling curves for water and bismuth, on the other hand, are 


dT d^T 

such that is concave downward, or is positive, thus 
dp dp* 

suggesting the possibility of a vertical tangent at some finite 

pressure. The experimental accuracy is not great enough to 


d*T 


give the curvature of — against pressure 

up^ 


It is obvious that 


if is not constant, the relation between temperature and 

pressure cannot be represented with sufficient accuracy by 
a second-degree formula in the pressure. 

The behaviour of Aw on all rising curves has important 
features in common. Examination of the data of the figures 
shows that in nearly all cases Aw decreases numerically with 
increasing pressure, the rate of decrease itself always be- 
coming less at the higher pressure, so that Aw is convex 
toward the pressure axis. There are two exceptional cases. 
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The initial stages of the Av curve for the high-pressure modi- 
fication of ice has abnormal curvature, but this reverses and 
becomes normal as pressure rises. This is, doubtless, to 
be connected with the low-pressure abnormalities of liquid 
water, which are known to disappear at high pressure. The 
other exception is liquid mercury. The curvature of Aw 
against pressure is also abnormal for this, but the total 
change of Aw over the entire pressure range is only lo per 
cent., and little weight is to be attached to this behaviour 
in view of the known abnormalities of mercury in other 
respects. 

The curve plotting latent heat against pressure has no such 
uniformities as the curves for melting temperature or Aw, as 
is evident from fig. 53. In the large majority of cases, how- 
ever, the latent heat rises with pressure by a moderate amount, 
and in those cases where it falls, as potassium, CCI4, p-nitro- 
phenol, and methyl oxalate, the fall is by only a small per- 
centage amount. The falling latent heat curve for bismuth 
is perhaps anticipatory of a new modification. In spite of the 
irregularities, this generalisation may be made: except for 
two or three isolated points which may be explained by ex- 
perimental error, the rise of latent heat with pressure along 
the melting curve is less rapid than the rise of temperature 

d /L\ 

with pressure, so that j~\~j 

The question of the ultimate behaviour of the melting 
curves as the pressure rises indefinitely is one on which there 
has been a large amount of discussion, and is one which I 
believe can now be definitely answered in view of the wide 
experimental range now open. At first it was the general 
expectation that the melting curve would end in a critical 
point like the vaporisation curve, which would mean that by 
a proper choice of path in the p-t plane it would be possible 
to pass around the end of the curve, and thus achieve a con- 
tinuous transition from a liquid to a solid (or crystalline) 
phase. One of Planck's * earliest papers dealt with the 
possible co-ordinates of such a critical point between liquid 
and solid water, and there were also early papers by Poynting • 
and Lodge.* Van Laar ‘ actually set up a possible equation 
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of state containing two regions like the region of the ordinary 
van der Waal’s equation, in which three real roots gradually 
coalesce, leaving a single real root and two imaginary ones 
in the region above the critical point. Van Weimarn • and 
Eucken ’ have advanced arguments for this possibility. 
The second important theory is that of Tammann; this 
theory has passed through various stages of development, 
in which different opinions have been held about the probable 
behaviour in the low- temperature region; the part which 
essentially concerns us has to do with the behaviour at higher 
temperatures, and has been held by Tammann consistently 
without change from the beginning until now. This theory 
is that the melting curve rises to a maximum temperature 
and then falls, so that if an ordinary material is heated above 
a definite temperature it will not be possible to make it 
crystallise by any pressure, no matter how high, whereas at a 
temperature lower than this it may be made to freeze by the 
application of sufficient pressure, and then by the applica- 
tion of a still higher pressure it may be made to melt again. 
There is also a theory of Schames,* which has played a less 
important role, namely, that the melting curve rises to an 
asymptotic temperature at infinite pressure. 

As far as direct experiment goes, neither of these presumed 
eventualities has ever been observed. In some of my 
published phase diagrams, melting curves are indicated as 
coming to an end; this never means a critical point, but 
means only that it was impossible to follow the melting curve 
further for one reason or another : either the temperature or 
pressure get beyond the experimental range, or the substance 
decomposes at the high temperature, or the viscosity be- 
comes so great that it is too difficult to follow the process 
further. It is necessary, therefore, in all cases to try to 
extrapolate the curves into the region as yet untouched, and 
estimate whether either a critical point or a maximum is 
indicated in this region by the phenomena in the observable 
range. There are certain criteria which can be applied to 
answer this question. 

Consider first the possibility that there is a critical point. 
It is to be said at once that the curvature of the melting curve 
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is the same in all cases as that of the vapour-liquid curve, so 
that as far as this feature is concerned the situation is not 
unfavourable. There are, however, other important charac- 
teristic? at the critical point. Here Ar and latent heat 

cLt 

vanish together, while — remains finite. The necessity for 

dp 

this is evident at once on inspection of Clapeyron's equation. 
The question which We have to ask is therefore this: Is the 
shape of the Av and the latent heat curves in the experimen- 
tal range such as to indicate that they will cross the axis at 
the same pressure (or temperature) beyond the experimental 
range ? I believe that mere inspection of figs. 52 and 53 is 
sufficient to answer this question in the negative; unless 
there is some reversal of the trend in ‘the present experimental 
range at pressures beyond those now attainable, there is no 
reason to think that the melting curve can end in a critical 
point. Such a critical point between liquid and solid would 
violate our present ideas of the nature of the crystal phase; 
it is not easy, although not impossible, to imagine that the 
regular arrangement of the atoms in the lattice of the crystal 
can change continuously to the haphazard arrangement of 
the liquid. Eucken has recently seriously revived a concep- 
tion of van Weimarn as to an ultimate critical point, which is 
that the crystals may pass continuously into the liquid by 
breaking up into a colloidal suspension of crystal grains as 
the critical point is approached, the size of the grains becom- 
ing smaller and ultimately vanishing at the point itself. 
Eucken has supported this theory by considering my data 
for CCI 4 and potassium, the two substances among all those 
which I have examined most favourable to his theory, and 
showing that the measurements in the actual pressure range 
are not inconsistent with a possible extrapolation such that 
both At^ and latent heat vanish together. It seems to me, 
however, that this sort of graphical extrapolation may be 
very dangerous with curves that are capable of as much 
irregular variation as the latent heat curves, as shown in 
53 by ^be examples of nitro-benzene and CO 2 . Apart 
from extrapolation of latent heat, extrapolation of Av is 
itself hazardous enough, in spite of the fact that Av for both 
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CC1« and K has dropped at the end of the range to 0-24 of its 
initial value. For example, if a parabolic curve is passed 
through the Av values of the initial, mid, and final points 
for both CC1« and K, it will be found that the constants are 
such that the curve never crosses the axis. CCI4 and K are, 
furthermore, not typical substances; CCl* has two high- 
pressure modifications, one of which is likely to rise to the 
melting curve and supplant the ordinary modification at 
pressures sufiiciently high, and K is abnormal with respect 
to compressibility and other features, as already explained 
in Chapter VI. There is another argument. Any ordinary 
substance is more stable in large than in small aggregates 
if both are present together; the large grows at the expense of 
the small, as shown, for example, by the disappearance of 
small drops of condensed Uquids and their collection into 
large drops. One would therefore not expect the colloid 
phase to be more stable than the ordinary solid phase, but 
the reverse. All things considered, it seems to me that the 
probability that there is a critical point between liquid and 
solid is so remote that it can be dismissed without further 
discussion. 


Consider next the evidence with respect to Tammann’s 
theory that there is a maximum melting temperature. If 

IS?T 

there is such a maximum point, — must vanish, Av must 

up 

vanish at the same point, and L must remain finite. What 

cLt 

now is the evidence that -y- will ever vanish ? To answer this 

dp 

dt 

it is more advantageous to consider — as a function of tem- 

dp 

perature along the melting curve than as a function of pres- 
dT 

sure. In fig. 54, — is plotted as a function of temperature 
dp 

for a number of substances. These curves are all convex 
toward the temperature axis, and evidently need not cross 
the axis at any finite temperature. Furthermore, if there is 

dx 

a maximum temperature, — must approach this temperature 

dp 
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with a vertical tangent; this demands concavity toward the 
temperature axis instead of convexity. The evidence, there- 
fore, from the shape of the melting curve itself, is against 
the possibility of a maximum; this evidence holds without 
exception for all curves determined, and seems to correspond 
to some fundamental property of melting curves. Next 



Fig. 54. — The slope of the melting curve of a number of substances as a 
function of temperature. The figures on the curves refer to the substances 
as follows : (i) potassium, (2) sodium, (3) carbon dioxide, (4) chloroform, 
(5) anilin, (6) nitrobenzol, (7) diphenylamine, (8) benzol, (9) bromoform, 
(10) silicon tetrachloride, (ii) monochlorbenzol, (12) monobrombenzol, 
(13) mercury, (14) benzophenone, (15) paranitrophenol, (16) paratoluidin, 
(17) methyl oxalate. 

consider the behaviour of Av. Plotted against pressure, 
Av is convex toward the pressure axis for all substances 
investigated, with the two exceptions previously noted, and 
an inspection of fig. 52 shows that the shape of these curves 
is not such as to lead to the expectation that they will cross 
the axis at any finite pressure. But a better method of 
extrapolating is to plot Av against temperature as was done 
dr 

for Here again, if Av vanishes at a finite temperature it 

dp 
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must cross the axis with a vertical tangent, and therefore be 
concave towards the axis, whereas actually the curvature is 
the reverse of this. This holds true even in the case of K; 
the curve for its Av is nearly linear, but still is curved in 
the universal direction. The behaviour of K is by far the 
most difficult to extrapolate satisfactorily of all substances 
examined, but even here the most casual inspection shows 

(It 

that, granted all the will in the world to make both — and 

ap 

Av vanish at some finite temperature, they cannot possibly 
be made to vanish at the same temperature, which would be 
necessary for a maximum. 

The evidence, therefore, seems to be unequivocally against 
the possibility of a maximum temperature. It is more 
difficult to rule out the possibility of an asymptotic tempera- 
ture, as supposed by Schames. This would demand that the 
(It 

curves for — and Av against temperature cross the axis at 
dp 

the same finite temperature. It is not impossible that this 
should happen, but there is no indication at present that 
there is much probability of it, and I believe that unless 
there should be some good theoretical reasons for expecting 
such a course, we have to take the present experimental 
evidence as making it exceedingly probable that the melting 
curves of all substances rise indefinitely, at a continuously 
decreasing rate, until pressures are reached so high as to 
introduce entirely new kinds of phenomena, such as fore- 
shadowed by the behaviour of potassium with its suggestion 
of atomic breakdown. 

The improbability of a maximum in any pressure range in 
which the atoms are not affected is much heightened by 
recent work of Simon and co-workers ® on the melting curve 
of helium. Using the method of Keesom of the plugging 
of a pipe connecting two pressure gauges he has followed 
the melting curve of He to nearly 6000 kg./cm.*. An em- 
pirical equation has been set up which fits the facts weU 
over this range, and which is of such a character as to indi- 
cate an indefinite rise of temperature with pressure. As 
Simon emphasises, the pressure effects in He take place on 
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such a small scale that 6000 kg./cm.* on it is equivalent to 
a very much higher pressure on ordinary substances, assuming 
that they all have the same type of behaviour. 

Special Melting Phenomena. There are a number of mis- 
cellaneous phenomena connected with melting that demand 
special discussion. We have seen that there is similarity 
in only a few respects between the melting and vapori- 
sation curves, so that, physically, melting and vaporisation 
appear as entirely different processes. This is emphasised 
by the fact that apparently there is no connection between 
the critical point liquid-vapour and the melting curves. In 
the case of several substances the melting curve has been 
followed to a temperature higher than the critical temperature 
between liquid and vapour. This was first done by Tam- 
mann, who selected phbsphonium chloride, a substance 
whose critical temperature and ordinary melting temperature 
lie unusually close together. By the application of 2050 
kg./cm.^, Tammann raised the melting temperature to 
102° C., whereas the critical point is at 75 kg. and 50° C. 
The next example is that of COg, the melting curve of which 
I have followed to 93° C. and 12,000 kg./cm.^, whereas the 
critical point is at 30^^ C. and 75 kg./cm.^. A number of 
other such substances have recently been added by Simon,^^ 
who has followed the melting curves of several of the so- 
called permanent gases to pressures of several thousand 
kilograms, which is sufficient to raise the melting temperature 
to well above the critical temperature. Of course it is just 
here that we would expect to find the effect most easily. 
It is highly probable, therefore, that any gas may be con- 
densed directly into a crystalline phase by the application 
of sufficient pressure at any temperature above the critical 
temperature. 

There is another sort of effect that emphasises the difference 
between melting and vaporisation. The vaporisation of all 
substances is governed by so nearly the same type of equation 
that there is a law of corresponding states. It is easy to show 
that there can be no such law of corresponding states for 
melting. If there were such a law, then the ratio of the 
temperature on the melting curve at which At; has dropped 
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to, say, one-half its initial value to the temperature of melting 
at atmospheric pressure, would be the same for all substances. 



That it is not true is 
shown, for example, by 
the fact that the ratio 
is I-I7 for o-kresol, and 
I '64 for nitrobenzene. 
When it is considered 
that the melting pheno- 
mena are partially de- 
termined by the pro- 
perties of the solid 
phase, and that these 


Fig. 55. — ^Melting and transition diagram of a 
substance with a phase unstable at atmo- 
spheric pressure, which becomes stable at 
high pressure. 


in turn are determined 
by the lattice in which 
the solid crystallises, 
such a law of corre- 


sponding states is not to be expected. 


There are a number of cases in which the melting curve 
runs into a triple point, above which the ordinary low- 


temperature modification is replaced by a second high-pressure 


modification. This 
suggests the ques- 
tion as to whether 
the unstable forms 
which a number of 
substances are 
known to possess at 
atmospheric p r e s- 
sure may not be- 
come stable at 
higher pressures, so 



that the known lower 
melting-point of the 
unstable forms under 
ordinary conditions 


Fig. 56. — Melting and transition diagram of a 
substance with a phase unstable at atmo« 
spheric pressure, which becomes still more 
unstable at high pressures. 


can be described as arising from a prolongation backward 
into the unstable region of a melting curve stable at higher 
pressures, as indicated in fig. 55. The effect of pressure on the 
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melting of some of the more common unstable forms has been 
investigated by Hulett,^* Korber,^* and Wahl,^* and they 
have found in all cases examined the exact opposite, namely, 
that the melting curves draw apart with rising pressure, in- 
stead of approaching, so that it would appear that for most 
substances the triple point between liquid and two solid forms 
is to be foundrather atnegative pressures, as indicated in fig. 56. 

This naturally raises the question of the possibility of pro- 
longing a melting curve beyond a triple point into the region 
in which the other solid phase is the more stable form. It 
seems that there is no general rule here ; there are a number 
of cases in which such an extension is possible, but there are 
also cases in which it is not possible, at least under the actual 
experimental conditions. Thus in the case of water, it is 
possible to prolong the melting curve of ice I into the region 
of stability of ice III, and also at the same triple point to 
prolong the melting curve of ice III into the region of stability 
of ice I; similarly at the triple point between liquid, ice III, 
and ice V the melting curve of either ice III or ice V may be 
carried into the region of stability of the other. But at the 
triple point between ice V, ice VI, and the liquid, although 
it is possible to prolong the melting curve of ice VI past the 
triple point to lower pressures and temperatures into the 
region of stability of ice V, I was not able in many attempts 
to prolong the melting curve of ice V to higher temperatures 
and pressures into the region of stability of ice VI. o-cresol 
affords another sort of example. At the triple point liquid-I-II, 
it is easy to carry the melting curve of I to higher tempera- 
tures and pressures into the region of stability of II, but not 
possible to carry the melting curve of II backward to lower 
temperatures and pressures into the region of stability of I. 
It would appear that the example of o-cresol is like that of 
the majority of substances, except that for most substances 
the triple point between stable and unstable modifications is 
displaced to negative pressures. 

There is an obvious criterion as to whether the unstable 
form may become stable at higher pressures; if its volume is 
less than that of the stable form, then we may expect it to 
become stable at high pressures, but otherwise the application 
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of pressure will only increase the relative instability of the 
unstable form. 

It may be worth while to mention an unpublished experi- 
ment by which I attempted to get some further light on the 
mechanism of superheating and subcoohng. It is well 
known that although the ordinary liquid may be subcooled 
by large amounts, the ordinary solid cannot be superheated 
at aU. There is one possible exception to this in the behaviour 
of some of the very viscous silicates examined at the Geo- 
physical Laboratory, but these are recognised to be highly 
unusual. The same sort of phenomenon is also always found 
under pressure; the solid can never be superheated, whereas 
sometimes the liquid may withstand so much subcooling 
as to make the determination of the melting phenomena 
difficult. The interesting question is : what is the mechanism 
which makes it impossible to superheat the solid ? In 
attempting to answer this question experimentally under 
ordinary conditions, the difficulty is encountered that 
apparently the solid always melts first at the exterior bound- 
ary, which makes the interpretation of the results difficult 
because of surface compUcations and the thermal effects of 
surface melting. Under ordinary conditions there seems to 
be no way of avoiding this situation, because of necessity 
when a solid is warmed the exterior surface will get warmed 
before the interior. By the use of pressure, however, this 
effect may be avoided; if pressure is suddenly released on a 
normal solid on the high-pressure side of the melting curve 
by an amount sufficient to carry it into the region of stability 
of the liquid, it is evident that the solid is carried at once as 
a whole into the region of stability of the liquid with the 
velocity of propagation of an elastic disturbance, and the 
surface effect is avoided. Conversely, if the solid is ice, by 
raising the pressure it may be carried as a whole and at once 
into the region of stability of the liquid. The experiment 
consisted in watching through glass windows the effect of in- 
creasing the pressure on a block of ice. No trace of interior 
melting was observed under these conditions; it is therefore 
highly probable that the impossibility of superheating an 
ordinary solid is some sort of surface phenomenon. 
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The melting phenomena of the alkali metals are important 
enough to merit special mention. In fig. 57 the melting 
curves of the five alkali 
metals are shown as 
far as they have been 
followed experimentally. 

The most striking feature 
is the crossing of the 
curves of Na and K, with 
the result that at pres- 
sures above 9000 kg./cm.* 
the melting temperature 
of K is higher than that 
of Na. Further, it ap- 
pears as if there will be 
similar crossing by the 
other curves, so that it is 
not improbable that at 
pressures above perhaps 
30,000 kg./cm.* the order 
of melting may be com- 
pletely reversed, Cs hav- 



4 6 8 10 

PrcMure, Kg / Cm.' X 1 0 * 


4 .Ur. FiG. 57. — Mcltiiig teixiperatures of thc rI fcali 

ing the highest melting metals as a function of pressure. 

point and Li the lowest. 

With the exception of Li, the melting of the alkali metals in the 
lower range of pressure and temperature is governed roughly 
by a law of corresponding states. This is shown in Table X, 


TABLE X 


Metal 

Ratio of 
temperatures 
(see text) 

Na 

I’I23 

K 

1-138 

Rb 

I-I03 

Cs 

1-124 


which gives the ratio of the absolute temperature at which 
Ar has dropped to two-thirds its initial value to the melting 
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temperature at atmospheric pressure. This ratio would be 
constant if there were an exact law. This similarity is further 
shown by other melting data in Table XI, which gives the 

TABLE XI 

Melting Data at Atmospheric Pressure 


Metal 

Latent heat 
kg.m./gm. atom 

Fractional 
change of volume 

Li 

49 

•0060 

Na 

271 

•0271 

K 

215 

•0231 

Rb 

236 

•0284 

Cs 

219 

•0256 


latent heat of melting at atmospheric pressure in kg.m. per 
grm. atom, and also the fractional change of volume on melt- 
ing. Again, with the exception of Li, the quantities are aU 
nearly the same. 

Diflerenee between Thermodynamic Properties of Solid and 
LiQuid. The data discussed above for the melting curves may 
be combined with the difference of compressibility between 
solid and liquid, determined from the difference of slopes of 
the curve of piston displacement against pressure before and 
after melting, as already explained, to give the difference 
of thermal expansion between solid and liquid, and also the 
difference of specific heats at all points of the melting curve. 
This may be done by the following equations. Abbreviate 
the difference of compressibility by Ao, difference of thermal 
expansion by Aj8 and difference of specific heat by ACp, 
where specifically: 
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the subscript I denoting the liquid and s the solid. Then we 
have the relations : 

... (I) 

and 

• • (^) 

These equations may be simply deduced, and need not be 
derived here. The first of these gives a means of calculating 
Ap in terms of known quantities, and 
then the second gives AC^. 

Unfortunately, however, in many 
cases it is not possible to obtain A a 
by direct experiment, because of the 
rounding of the corners of the discon- 
tinuity by the effect of impurity, as 
already discussed. In such cases it is 
possible to get approximate informa- 
tion by the use of certain inequalities — — . ; Afi 

which experiment shows to hold uni- , 

dr 

versally. In fig. 58, Aa, ^A/S, and ^ dpv dp \ 

AC, are indicated as standing in ^ ^ 

certain relative positions to each other. 

It is easy to prove that the relative 
positions shown in the diagram always 
hold — that is, A a always stands above 

ir . ^ , . , , Fig. 58. — Illustrates the 

— Aj9, which m turn always stands relations between the 

ditference of compres- 
x/ dr\^ sibility, thermal ex- 

above ~( — ) AC®. Furthermore, the pansion, and specific 
T\dp/ ^ heat of solid and liquid 

distance of separation between Aa melting curve. 

dr 

and -^j-AjS is greater than the distance of separation be- 

dp 

lfdr\* 

tween the latter and ~\^^j The proof of this is as 




Fig. 58. — Illustrates the 
relations between the 
difierence of compres- 
sibility, thermal ex- 
pansion, and specific 
heat of solid and liquid 
on the melting curve. 
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follows: By equation i the distance between Aa and 

dp 

dr dAv dAv 

is Aa— — A/3 = — But by experiment is always 

negative, so that this difference is always positive, as drawn. 
Furthermore, equation 2 above can be written, multiplying 
I dr 


i/ dT\* 
r\dp) 


I ^tT dL 

T dp\_dp 


T dp\_dp 
(dr\-Vx 


Lt dr\dp jj 


But now there is the well-known thermodynamic relation 


I dpTdl. ^ 

''r MTp~^'“\’ 


and by experiment 


is always negative. Substituting 


this back at once establishes the relative magnitude of ^-AjS 

dp 

, x/dr\* . „ 


Finally the proof that the difference between A a and 

dr _ . dr 

yr^P is greater than the difference between yrAB and 
dp dp 

ifdrY 

-( y - 1 ACp is given by the equation 


A^ - -A^-- 


l/ drX* 


ACJ = . 


I dp d*T 

Av dr dp* 


This equation may be obtained by differentiating Clapeyron's 
dt 

equation for ^ with respect to pressure, and using the value 

of in equation 2. But now the right-hand side of equation 
dp d^T 

3 is positive. Av and ~ being positive and jp always negative, 
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so that the left-hand side is always positive, which was to be 
proved. 

It now follows, since for the class of substances which we 

dfT i/ 

are considering — is positive, and also -( ^ ) is intrinsically 

dp 'r\dp/ 

positive, that whenever AC^ is positive, Aj3 and A a must 
also be positive, and that if A^ is positive, A a must also be 
positive, but possibly AC^ may be negative. In other 
words, if we have a new substance of which we know nothing 
except that we are to assume that the universal relations 
found above on all melting curves hold for it also, then the 
chances are greatest that Aa is positive, intermediate that 
Aj8 is positive, and least that AC^ is positive. It is therefore 
a more fundamental and universal fact that the compressi- 
bility of the liquid is greater than that of the solid than 
that the specific heat of the liquid is greater than that of the 
solid, although we might have been plausibly predisposed to 
take the other view. It is highly probable that in most cases 
ACp is positive; the argument above shows that A a must be 


greater than 

We can use these inequalities to get approximate numerical 
information. Consider a substance for which A a cannot be 
found experimentally because of impurities, but for which 
the co-ordinates of the melting curve can be satisfactorily 
found. Then in equations (i) and (2) we know only two of 
three unknown quantities, but the differences between Aa, 

(It 1 / 

y-AB, and h — ) AC. are known in terms of melting-curve 
dp r\dpi 

data. If now we assume that AC, is zero and calculate A/S 
and Aa in terms of the known differences, we shall obtain 
lower limits. Furthermore, it is probable that the percentage 
error in the lower limit for Aa is less than 30 per cent., as 
may be shown by a rough calculation, using average values 

dfT 

for — and probable values for AC«, as suggested by known 
dp 

specific heats of solid and liquid. The percentage error in 
the lower limit found for A /3 in this way is evidently greater 
than the percentage error in Aa. 

p 



216 THE PHYSICS OF HIGH PRESSURE 

The validity of the approximate values obtained by 
neglecting AC^ may be tested in those cases in which Ao 
can be measured experimentally. Richards has deter- 
mined by direct experiment that A a for solid and liquid 
benzene is 47 xio-*, whereas the value computed, neglect- 
ing ACp, is 5-0 X io-‘. For o-cresol, Richards ** found 
Aa =1-9 X 10"®, which agrees exactly with the calculated 
value. 

In some cases there is other evidence giving the third 
relation necessary to complete equations i and 2. Thus, for 
a number of substances, direct measurements have been made 
of Aj 3 at atmospheric pressure, and for others there are direct 
measurements of AC^. It is to be emphasised, however, that 
a direct measurement of Aa or A /3 or ACp at atmospheric 
pressure is subject to the same error from premature melting 
from impurities as has been discussed for high pressures. 
ACp is particularly sensitive; a very small amount of impurity 
is sufficient to change the apparent sign of AC,. I (B. 19) 
have discussed the matter in detail in connection with 
measurements of Griffiths of AC^ for Na; so far as I know 
there is no Substance for which it is probable that AC^ is 
negative, when due account is taken of the effect of small 
impurities. 

In Table XII are collected some values for Aa and Aj8 at 
various pressures on the melting curves of a number of 
substances. These values have been obtained in various 
ways; by assuming AC, is zero and using the melting data 
when there is no other information, and in other cases by 
combining with known values of Aa or Aj8 or AC,, the latter 
always at atmospheric pressure. A detailed discussion of 
the way in which many of these values were obtained will be 
found in Physical Review, vi, 100 (1915). The values for Aa 
in the table are doubtless much better than those for Aj 3 , 
which are to be taken merely as suggestive. The very large 
decrease of Aa along the melting curve is striking, this decrease 
being much greater than the decrease of Av. That is, solid 
and liquid approach equality of compressibility more rapidly 
than equahty of volume. This is in line with ideas already 
suggested by other phenomena, namely, that at high pres- 
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sures the most important part of compressibility arises from 
the compression of the atoms or molecules, which involves, 
of course, that liquid and solid approach the same com- 
pressibility. The difference of volume, however, is partly 
due to structural differences, which persist, and therefore are 
more nearly constant as long as the solid retains the same 
lattice arrangement. The values of Aj8 in the table roughly 
bear out the results already found for liquids, namely, that 
thermal expansion tends to decrease less at high pressure 
than does compressibility. 

Melting in Two-component Systems. There is no reason, 
except of convenience, for giving a special treatment to 
melting phenomena in systems of two components apart 
from a general treatment of p-v-t relations in two-component 
systems — that is, in binary mixtures. However, as a matter 
of experiment, practically no complete investigation has 
been made of the effect of pressure on binary mixtures, but 
limited aspects only have been treated. If, for example, an 
electrolyte is added to water, temperature lowered until ice 
separates, and then the effect studied which pressure exerts 
on this temperature, the experiment may be conveniently 
described as one on the effect of pressure on melting tem- 
perature in a two-component system. But if the solution is 
made so concentrated that the solid salt separates, and the 
effect of pressure measured on the conditions under which 
this occurs, then the experiments may be conveniently 
described as on the effect of pressure on solubility. Merely 
for convenience, the latter phenomena and certain related 
phenomena in which two liquid phases separate will be 
described in the last chapter on miscellanies, and the former 
here. This scheme of classification evidently fails when both 
components separate together — that is, at the eutectic point. 
Somewhat arbitrarily, the eutectic phenomena will be 
described here. As a matter of fact, the work done in the 
entire subject of binary mixture is not at all extensive, either 
in range of materials or of pressure, . and the method qf 
classification is not of great importance. 

The effect of pressure on the freezing-point of dilute solu- 
tions of sugar and NaCl has been measured by Lampa up 



MELTING PHENOMENA UNDER PRESSURE 219 


to 200 kg./cm.2. In this range the relation between tempera- 
ture and freezing pressure was linear. The temperature- 
pressure slope of the freezing curve was found to be greater 
than that of pure water, and also greater than would be 
calculated from the ordinary thermodynamic formula for 
the depression of the freezing-point. Such a failure might 
be accounted for by an effect of pressure on the association 
of the dissolved substance. 

There seems to be no other work on the effect of pressure 
on the effect of simple substances in solution. There are, 
however, other more complicated systems which have been 
studied under pressure, and in which the phenomena may be 
described as melting. For example, if solid SrClgbHgO is 
heated at atmospheric pressure to 62*6®, it decomposes into 
solid SrCl22H20 and its saturated solution. This may be 
described as a melting of the hexahydrate. The tempera- 
ture of decomposition or ‘melting' is a function of pressure, 
Clapeyron's equation obviously applies to this phenomenon 
as well as to melting in a one-component system. The effect 
of pressure on this ‘melting' has been studied by Tam- 
mann in three different systems. The decomposition tem- 
perature of SrClgbHgO was found by him to be a linear 
function of pressure up to 2800 kg./cm.^, temperature rising 
in this range from 62*1° to 75°. Na2Cr04ioH20 decomposes 
at atmospheric pressure at 19-6®, with decrease of volume, 
to Na2Cr04 and its saturated solution. Because of the sign 
of the volume change, we would expect that the temperature 
of decomposition would fall with increasing pressure. Tam- 
mann has in fact followed it to 0° and 3050 kg. /cm. 2. Finally, 
Na2S04ioH20, which is isomorphous with Na2Cr04ioH20, 
decomposes in the same way to Na2S04, and its saturated 
solution at 32*6® at atmospheric pressure, but with a very 
small increase of volume, so that we would expect, since the 
latent heat is not especially small, a very small increase of 
the temperature of decomposition with increasing pressure. 
Tammann, in fact, found a very small initial rate of increase, 
but with a maximum temperature only 0*1° higher at 460 
kg./cm.®. Tammann has laid great emphasis on this, which 
he regards as confirming his views regarding a maximum 
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Composition 


Fig. 59. — Suggests the method of find- 
ing the eutectic point under pressure 
from several cooling curves. 



Composition 


Fig. 60. — Suggests the way in which the 
eutectic point is displaced by pressure 
when the effect of pressure on the 
melting-points of the two pure com- 
ponents is dissimilar. 


melting temperature for or- 
dinary pure substances. It 
should be evident, however, 
that there is no parallelism 
between these two pheno- 
mena, for here the liquid 
phase is one of variable 
composition because of the 
effect of pressure on solu- 
bility. In fact, Fushin 
has taken the trouble in a 
recent paper to go into the 
matter in complete detail, 
and show that the maximum 
is to be entirely accounted 
for in terms of the effect of 
pressure on solubility, and 
that no inferences can be 
made to pure one-compo- 
nent systems. 

The effect of pressure on 
the eutectic point was first 
investigated by Roloff,^* 
who found that the eutectic 
temperature of naphthalene 
and diphenylamine is raised 
0-67° by a pressure of 23 
kg./cm.*. The subject has 
lately been investigated by 
Pushin and Grebenshikov *® 
up to pressures of 4000 
kg./cm.* on the systems: 
urethane - diphenylamine, 
urethane - nitroanisole, ure- 
thane-benzene, and 
Na — Hg. The method con- 


sisted in finding with thermo- 
couples the point Of temperature arrest when liquid solu- 
tions of different compositions were cooled at various 
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constant pressures. Thus suppose the ordinary binary mix- 
ture diagram at some definite constant pressure is like that 
shown in fig. 59. Then by finding the temperature arrest 
points on the cooling curves of mixtures of various com- 
positions, the points ti, ^tc., may be located, and the 
eutectic temperature located by the intersection of the curves 
joining these points. In this way the effect of pressure can 
be found both on the eutectic temperature and the composi- 
tion at the eutectic point. The facts were found to be 
exactly as might be expected from the geometrical con- 
siderations suggested in fig. 60. In general, the effect of 
pressure will be different on the melting temperatures of the 
two pure components. The diagram shows that we would 
expect in general the composition at the eutectic point to 
be changed in such a direction that the eutectic mixture 
becomes richer in that component whose melting temperature 
is increased by pressure by the smaller amount. Large 
changes of eutectic composition may be brought about in 
this way ; in the system urethane-benzene the eutectic 
composition at atmospheric pressure is 4*4 per cent, urethane, 
but at 4050 kg. it has risen to 80 per cent, urethane. In 
the system Na — Hg the effect of pressure on eutectic com- 
position was not great enough to detect. 
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CHAPTER VIII 


POLYMORPHIC TRANSITION UNDER PRESSURE 

Experimental investigation of the effect of pressure on 
polymorphic transitions does not go back quite as far as 
investigations of melting. Apparently the first experiment 
in this field was by Mallard and le Chatelier * in 1883, who 
studied, by the method of volume discontinuity, the effect of 
pressure on the transition of Agl. It was known that there 
is a transition, at atmospheric pressure and 140° C., of the ice 
t5q>e, the high-temperature phase having the smaller volume, 
so that it was to be expected that the transition Would take 
place at a lower temperature at high pressure. Mallard and 
le Chatelier did find a transition at 20° C. at 2475 kg./cm.*. 

drT 

However, if the initial slope, 3-, of the transition line is cal- 

(tp 

culated by Clapeyron’s relation from the known volume 
change and latent heat, it will be found that a depression of 
the transition temperature by this pressure of only 30° 
instead of 120° is to be expected. Another difficulty was 
that the volume discontinuity found by Mallard and le 
Chatelier was very much larger than was to be expected. 
Tammann later cleared up the matter by showing that Mallard 
and le Chatelier had actually found a transition to a third, 
hitherto unknown, modification. In the same year, 1883, 
Reicher * published as a thesis an examination of the effect 
of pressures up to 12 kg. /cm.* on the transition between rhom- 
bic and monoclinic sulphur, and showed that Clapeyron’s 
equation applies. Hulett * in 1889 studied the effect of 
pressure to 300 kg./cm.* on the transition point between the 
anisotropic liquid phase and the ordinary liquid phase of 
so-called liquid crystals. Lussana * studied in 1895 by the 
method of arrested temperature during coohng the transitions 
of NH4NO3 up to 250 kg./cm.*. This method is not capable 

22.3 
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of giving very accurate results. Tammann began in 1897 
an extensive series of investigations over his maximum range 
of 3000 kg,/cm.*. This work continued, with the aid of his 
pupils, over a number of years, and is fully described in his two 
books. It is not necessary to go into these results in detail 
here because I have repeated nearly all of the measurements 
over my wider range of pressure, at the same time determin- 
ing the volume changes, and these will be discussed in full 
detail presently. One of the phase diagram investigations 
not repeated by me is that of Tammann and Hollmann on 
ethylene iodide. They found a very complicated diagram; 
I believe that this work should be checked before it is finally 
accepted. 

Other work in this field is an investigation by Wahl ® in 
1912 by an optical method up to 1500 kg./cm.*-of the transi- 
tions of CBr4 and ajS— bibrompropionic acid. Jaenecke ® also 
published investigations in 1915 of the transitions of AgNOs, 
NH4NO3, and KNO3 by the method of pressure discontinuity 
on cooling through a transition point at constant volume. As 
used by Jaenecke, this method gives results more qualitative 
than quantitative, because the pressure was not truly hydro- 
static. 

In principle there is no difference thermodynamically 
between heterogeneous equilibrium between a liquid and a 
sohd phase and between two sohd phases. The transition 
from one sohd to another takes place with change of volume 
and with a latent heat, just as the passage from liquid to 
solid, and both sorts of transition are controlled by Clapey- 


, . dr tAv 

ron s equation, — 

dp h 


There are, however, certain differ- 


ences in the details of the transitions which may involve 
important differences in the physical manipulations. One 
important physical difference is that in general any solid 
phase may be carried into the region in which it is unstable 
with respect to another phase, without the reaction starting 
to run, whereas a solid cannot be carried into the region of 
stability of the liquid without melting taking place. This 
means that inconvenient manipulation may sometimes be 
necessary in the case of two solids to obtain points on the 
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equilibrium lines. If the method of volume discontinuity is 
used, which is the method of all my work, in many cases one 
phase has to be carried so far into the region of stability of 
another before the new phase will appear that the volume 
change during the transition is not sufficient to carry pressure 
back automatically to the equilibrium value, but the tran- 
sition would run to completion. In such cases the pressure 
has to be artificially changed after the transition has been 
initiated, and the secondary change of pressure observed after 
every such change of pressure, until the pressure is found at 
which the secondary change reverses in sign. The pressure 
at which this reversal takes place is the equilibrium pressure. 
The use of this method is ffirther complicated by the fact 
that there are a number of transitions between solids of such 
a nature that the transition will not run within a certain 
range, centring about the point of thermodynamic equi- 
librium, even when the two phases are in contact. The 
phenomena here are entirely different from the phenomena 
of transition between a liquid and vapour or between liquid 
and solid, and will be discussed in considerably greater detail 
later. The point of immediate significance is that there are 
transitions with such a ‘region of indifference,’ and that for 
these all that can be done is to map out the boundaries of the 
region by observing the p-t loci on which the automatic 
pressure reaction has one or the other direction. The region 
of indifference seldom has a width of more than a few hundred 
kilograms per sq. cm. ; in such cases the only possible assump- 
tion is that the line of thermodynamic equilibrium is situated 
in the middle of this region. The percentage error in such an 
assumption cannot be great when dealing with pressures of 
the order of several thousand kg. per sq. cm. 

Another inconvenient phenomenon met when measuring 
the equilibrium co-ordinates between solid phases is the 
possibility of false equilibrium. Imagine, for example, that 
the high-pressure phase is in the apparatus, and the pressure 
is lowered below its equilibrium value into the region of 
stability of the low-pressure modification with the larger 
volume. If the transition to the new modification begins at 
some point in the interior of the high-pressure phase, then 
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the low-pressure modification is immediately subjected to 
increase of pressure because of the volume differences, and 
this pressure on the new phase need not be the same as the 
pressure in the transmitting liquid, because the high-pressure 
modification which surrounds the nucleus of the low-pressure 
modification is itself capable sometimes of supporting rather 
high mechanical stresses. The result is that the transition 
in the interior of the solid mass will run under pressure 
conditions which are not the same as those in the transmitting 
liquid, so that incorrect values for the equilibrium pressures 
may be obtained. Such an effect is shown by the transition 
points not lying on a smooth curve. Fortunately the transi- 
tions usually start at the exterior surface, just as we have 
seen already that melting starts, so that the effect is not a 
common one. If an irregular point is found, a redetermina- 
tion is usually sufficient to correct the matter. Not only 
may incorrect equilibrium co-ordinates be obtained when 
there is this sort of protecting action, but it is very easy to 
obtain incorrect values for Av, as of course must happen if 
the transition does not run to completion, but an untrans- 
formed mass of one modification remains buried in a pro- 
tecting covering of the other. The effect is sometimes found 
when the reacting substance is tightly held in a steel container, 
due to the constraints exerted by the walls of the container. 
The pressure which can be exerted during such transitions is 
quite considerable. Sometimes thick-walled containers of 
Cr — Va steel have been ruptured in this way; the pressure 
estimated required to produce such rupture may be several 
thousand kilograms per sq. cm. I believe that some of the 
effects found by Tammann — in particular, transition curves 
of supposedly unstable modifications of ice paralleling the 
transition lines of the stable forms — may be explained by this 
sort of false equilibrium. 

To counterbalance these effects just discussed, which often 
make it more difficult to locate a transition line than a melting 
line, there are other effects favouring the accuracy of the 
transition determinations. It is very seldom, in fact I have 
never come across more than two cases, that impurities 
present in the solid phase are in a state of solid solution; this 
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means that there is no alteration of the transition point by 
impurities, so that there is no premature rounding of the 
discontinuity. This means that not only can good values 
of Av be obtained, but also good values for the difference of 
compressibility between different solid phases. The differ- 
ence of compressibility can be combined with other infor- 
mation obtained from the transition curve in the manner 
already described in connection with melting, to give values 
for the difference of thermal expansion and specific heat. In 
general, then, we can get more accurate information for these 
differences for solid-solid transitions than for melting. 

In a large number of cases the phase diagrams of solids 
contain triple points; in such cases the conditions of self- 
consistency of the data in the neighbourhood of the triple 
point afford valuable checks on the correctness of the results. 
At a triple point there are three or more conditions that 
must be satisfied by any internally self-consistent set of data. 
In the first place, the three transition lines, which are deter- 
mined by three independent sets of experiments, must have 
such relative locations as to pass through a common point; 
secondly, the three independently determined volume changes 
at the triple point must satisfy the additive relation 
A^ij-l-ADas =Ai;i 8; and thirdly, the three latent heats 
calculated by Clapeyron’s equation for each of the three 
independent transition lines must also satisfy the additive 
condition Li 2 -t-L 23 =Li 3 . It is almost always necessary to 
make slight readjustments in the directly determined quanti- 
ties in order to satisfy these conditions. The readjustments 
have to be made by a process of trial and error, but it is 
evident that any readjustment in the slope of the transition 
line demanded by the condition that the three transition 
lines pass through a common point entails changes in the 
corresponding latent heats which may or may not satisfy 
the additive conditions. In practice there was never any 
question as to the way in which the adjustments should be 
made, and in general the mere fact that it is possible to 
make the necessary adjustment without exceeding possible 
experimental error is of itself suf&cient evidence that the 
experimental points are essentially correct. In particular. 
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one may be sure that data which satisfy the conditions at a 
triple point cannot be in error because of any false equihbrium 
phenomenon, either with regard to the p-t co-ordinates, or 
with regard to Av. 

In some cases a transition line is terminated at either end 
by a triple point; if the adjustments are possible at both 
triple points within experimental error, one may be parti- 
cularly confident of the correctness of the results. 

The occurrence of a triple point is, furthermore, most 
welcome, because of the information it can give about Aa, 
A]8, and ACp for the three phases. We have already seen 
that at an ordinary point on a transition line the transition 
data give us two conditions on these three quantities, so that 
independent experimental evidence, usually a direct measure- 
ment of Aa, is necessary to completely determine the three 
quantities. At a triple point, on the other hand, the transi- 
tion data alone (that is, a knowledge of t and Av as a function 
of pressure along the transition line) are sufficient to com- 
pletely determine the Aa, Aj8, and AC^. The reason is easy 
to see. There are in all three Aa’s, three AjS’s, and three 
ACp’s at the triple point, one for each of the three transition 
lines meeting at the point; that is, in all nine quantities to 
be determined. Each transition line by itself gives two 
equations of condition on its corresponding set of three 
quantities. But there are in addition at the triple point the 
three additive relations Aaig-f Aajs =Aai 3 , etc., making in 
all nine relations from which the nine quantities may be 
completely determined. If in addition, any one of the Aa’s 
or AjS’s should be determined by independent experiment 
in the neighbourhood of a triple point, we have a further 
check. 

The experimental method for measuring the transition 
points is essentially the same as that for determining melting 
points, and differs only in unessential details. A large 
number of the solids investigated, mostly inorganic salts, are 
insoluble in the transmitting liquid, kerosene, and these 
could, accordingly, be directly exposed to the kerosene 
without the complication of an intermediary of mercury. 
The usual method was to compress with a ramrod the 
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powdered material into a thin steel shell, which was then 
directly exposed to the kerosene in the lower cylinder. The 
shell was perforated with many fine holes to allow pressure 
access to all parts of the interior, and to minimise the possi- 
bility of false equilibrium. Most' of the organic substances 
investigated are soluble in kerosene, and these had to be 
isolated from contact with it by a mercury seal, very much 
as in the case of liquids, except that the capillary entrance 
of the liquid container was not necessary, but the substance 
could be rammed dry into a cylindrical container open on 
one end. The walls of these containers had to be made 
fairly heavy, perhaps ^ in. wall thickness with an inside 
diameter of 0-5 in., and the container itself was made of heat- 
treated chrome vanadium steel, in order to resist the rupture 
which is often a consequence of the volume changes accom- 
panying the transition. 

The experimental procedure is different according as a 
transition already known to exist is being investigated, or 
the transition is a new one. If the transition is a known one, 
and if the difference of volume between the two phases is 
known, it is known whether the transition temperature will 
rise or fall with increasing pressure. The first process is to 
locate the approximate equilibrium point by the method of 
volume discontinuity at a temperature above or below the 
atmospheric transition temperature, as the case may be, 
then to determine the transition data accurately at this 
point. The approximate slope of the transition line is then 
determined in terms of these two points, so that the new 
temperature at which to locate a new point is suggested. 
The number of points measured on the transition line depends, 
of course, on the curvature of the line and on the variation of 
the thermal parameters, such as Aw, along the line. As a 
rough average, points were measured perhaps every 1000 
kg./cm.*, or a dozen points to completely fix a curve. 

If the substance was one for which no polymorphic transi- 
tions were known, then it had to be subjected to a preliminary 
exploration to locate such possible points. The total number 
of substances examined for new forms has been about 150; 
the range of exploration was up to 12,000 or 13,000 kg./cm.*. 
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and the temperature range from room temperature to 200° C. 
The method is merely to plot on a large scale piston displace- 
ment as a function of pressure at room temperature and 
at 200® C. The pressure points were taken close enough 
together, so that a volume discontinuity of o-oi per cent, of 
the initial volume of the material should not have escaped 
attention. If no discontinuity was found on the two iso- 
therms at 20° and 200° it was assumed that there are no 
transitions in the range, and the substance was not examined 



Fig. 61. — Illustrates the method of exploration for new modifications. 


further. In order to be rigorously certain that there are no 
transitions in the range, it would have been necessary to go 
completely around the boundary of the region — ^that is, to 
add to the exploration an examination of the two isobars at 
atmospheric pressure and at 12,000 kg., reaching from 20® 
to 200°. This was dispensed with, largely to save time, for 
any manipulation in which temperature is changed as the 
arbitrary variable is much more tedious than one in which 
pressure is the independent variable, because of the long time 
required to reach thermal equilibrium in cylinders of the size 
used. Furthermore, an exploration which is restricted to the 
two isotherms can miss only very unusual types of transition 
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line, such as cut into and out of the region on the unexplored 
part, as indicated by the dotted lines in fig. 6i. The two 
transition lines A and B are ruled out with a certain pro- 
bability by the absence of previous observations of transitions 
at atmospheric pressure, so that the only remaining possi- 
bility of overlooking a transition is when it is of the type C. 
This sort of transition is certainly very rare, but there are 
examples, of which the high-pressure modification of benzene 
is one. If this transition had been somewhat displaced to 
lower temperatures, I might have missed it, and the possibility 
must be recognised that some transitions of this type may 
have escaped, but I believe the probabilities are very low. It 
must further be kept in mind that it s always possible that 
some favourably situated transitions were suppressed because 
of viscosity or similar effects. 

The method is not restricted by sensitiveness to tfiose 
transitions with a volume change of o-oi per cent., but if 
the transition were known to exist, it could be located by 
taking the experimental points sufficiently close together, 
even if the volume change were considerably smaller than 
O’Oi per cent., and some such transitions have actually been 
studied. However, to have made the exploration for all 
substances to the limit of sensitiveness would have demanded 
a very much greater amount of labour, and the very small 
probability of finding new transitions did not seem to justify 
the large decrease in the number of substances that could have 
been examined. 

Of the 150-odd substances examined, some 40 show the 
phenomenon of polymorphism; the phase diagrams of 36 
of these are reproduced on a small scale in figs. 62 and 63. 
It is not possible to reproduce here all the numerical results, 
for which the original papers must be consulted. On the 
diagrams are given, however, symbols indicating in a quali- 
tative way certain aspects of the behaviour. An arrow on a 
transition line indicates the direction in which Av decreases 
numerically, and an o, / 3 , or C,, on one or the other side of a 
transition line means that the phase stable on that side of the 
line has a greater compressibility, or thermal expansion, or 
specific heat than the other phase. In addition, there are 
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Pressure in Thousands of Kilograms per Square Centimetre 


Fig. 62. — Collected phase diagrams. 
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Fig, 63. — Collected phase diagrams. 
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symbols indicating the crystal system, when this is known, 
and also L for the liquid. 

The crystal system is known only for those phases whose 
domain of stability runs down to atmospheric pressure, where 
it can be determined by ordinary methods. Up to the present 
I know of no determinations of the crystal system of phases 
stable only under high pressures; it should not be impossible 
to do this in the most favourable cases by an X-ray analysis 
through beryllium windows, and this opens an interesting 
possibility for future investigation. 

The data contained in the phase diagrams in figs. 62 and 
63 will now be discussed, first from the point of view of note- 
worthy special substances, and second from a statistical 
point of view to determine any common features. 

Consider, first, the polymorphism of the elements. A fairly 
large number of reversible polymorphic changes are known 
among the elements; only a few of these were examined 
under pressure. There are several reasons why a complete 
examination would be difiicult ; in the first place, many of the 
changes take place only at temperatures very much beyond 
the range of this work. An interesting beginning of the 
attack on this problem, however, has been made at the 
Geophysical Laboratory in Washington, where the effect of 
pressure on the magnetic transition of iron has been studied, 
as already mentioned. Other transitions may be difficult to 
study because of slowness of transition or because of compli- 
cated solubility or dissociation phenomena, as shown by the 
transition from rhombic to monoclinic sulphur. In the range 
of the present work four elements have been investigated. 
Phosphorus, shown as the third from the top in the left-hand 
column of fig. 63, is a well-marked example. Ordinary 
yellow or white phosphorus has a new high-pressure modifica- 
tion which was first found at room temperature in the course 
of a regular exploration, and was later picked up at —80° C. 
at atmospheric pressure by the conventional method of 
temperature arrest on warming. The crystal system of this 
new modification should be determinable by ordinary X-ray 
methods, and ought to be found. In addition to this revers- 
ible transition, P may experience an irreversible transition at 
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high pressures and temperatures; this irreversible transition 
will be discussed in Chapter XIII. 

Cd. (B. 53) has two new polymorphic forms at high pres- 
sures, shown separately in fig. 64. These transitions are 
obviously of a somewhat unusual kind; they were first dis- 



Fig. 64. — The phase diagram of the two high-pressure modifications of Cad- 
mium. The circles indicate readings obtained with the two phases 
simultaneously present, while the horizontal lines show the range within 
which the transition was shut by other readings obtained with only one 
phase present, and therefore not under equilibrium conditions. 

covered in the course of measurements of the linear com- 
pressibility of single crystals. The change of linear dimension 
is of such a character that there is approximate compensation 
in different directions, so that the volume of the two phases 
is practically the same. The discontinuity was checked by 
measurements of the electrical resistance as a function of 
pressure for a single crystal with hexagonal axis parallel to the 
length, the most favourable orientation. It is not possible to 
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detect any discontinuity in the resistance or the compressibility 
of an ordinary poly-grain piece of Cd. There seems to be no 
regular connection between the orientation of the original 
crystal and that into which it is transformed; the discon- 
tinuity in length may be either an increase or a decrease. 
If the transition is reversed the single crystal condition is 
not recovered, but apparently there are likely to be several 
grains of the original modification produced in random 
orientations. The result is that if the transition is made to 
go back and forth a number of times, all semblance of the 
original single crystal condition is lost, the discontinuity be- 
coming less at each successive transition, until it is finally 
completely lost, and the original single crystal has assumed 
the ordinary multi-crystal condition. 

Cerium (B. 62) has a new high-pressure form. The exist- 
ence of this was discovered during measurements of the 
compressibility, and was later verified by the discontinuity 
in electrical resistance. The transition pressure is approxi- 
mately 7600 kg./cm.* at 30° C. and 9400 at 75° C. The 
transition is apparently sensitive to impurities; my first 
measurements on Ce were made on a sample known to be 
somewhat impure; this showed no trace of the transition. 
It was not until a much purer sample was available that the 
transition was found. Even then it was not perfectly sharp. 
It is not unlikely that if the purity could be still further 
increased the sharpness would have been still further im- 
proved. If so, this is one of the few cases in which an impurity 
is soluble in the solid phases in such a way as to affect the 
transition. The low-pressure modification of Ce is anomalous 
in two respects; its compressibility increases with rising 
pressure, and its temperature co-efficient of compressibility 
is negative. 

The last element found to be polymorphic under pressure 
is As (B. 72). Here again the phenomena can be detected 
only in the single crystal form; I had previously examined 
ordinary polycrystal As for new forms without result, both 
by the method of volume discontinuity and resistance dis- 
continuity. A later study of a sample which had been slowly 
lowered from an electric furnace while melted under its own 
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vapour pressure in a heavy quartz capillary, and in which 
crystallisation took place throughout in approximately a 
single grain, disclosed transition phenomena which the 
multicrystalline piece did not show. The existence of a new 
form was verified both by compressibility and by resistance 
measurements. As in the case of Cd, perfectly sharp results 
were not obtained. The transition at 30® is in the neighbour- 
hood of 5500 kg./cm.*; it is almost certain that the low- 
pressure modification varies greatly in compressibility with 
direction, and it is also probable that the pressure coefficient 
may have different signs in different directions. 

After the elements, the simplest substances which have 
been examined are the alkali halides. Slater ’ found in the 
course of his compressibility measurements of RbBr and Rbl 
new polymorphic forms at high pressures; his compressi- 
bility apparatus was not adapted to measuring the volume 
change. I later (B. 64) took up the matter with a more 
suitable apparatus, the piston piezometer already described, 
and was able to locate the transition points more accurately, 
and also to determine the change of volume; I found in 
addition that RbCl also has a high-pressure transition. The 
phase diagrams are collected in fig. 63. The transition lines 
run nearly vertical, and there is a progressive change in the 
transition pressure through the series. The transitions were 
not perfectly sharp, and, furthermore, showed an unusual 
tendency to hysteresis ; the way in which these effects changed 
when the purity of the material was changed makes it probable 
that the perfectly pure material would not show hysteresis. 
The most interesting question in connection with these simple 
salts is as to the nature of the high-pressure lattice. CsCI — 
Br — I are known to crystallise in the body-centred cubic 
arrangement, whereas all the other alkali halides crystallise 
simple cubic. It was natural to expect, therefore, that the 
high-pressure modifications of the Rb salts would have the 
crystal structure of the Cs salts, particularly since the volume 
change is in the right direction. At first, however, it seemed 
to me that the quantitative volume relations made this 
improbable, as the volume of the high-pressure modification 
does not have at all the value that wotdd correspond to this 
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lattice, assuming that the atoms behave like rigid spheres 
during the transition. It was soon pointed out, however, 
by Goldschmidt in private correspondence and by Pauling,® 
that in other cases the atomic radii must be different in body- 
centred and in simple cubic lattices, and that when this 
factor is taken into consideration the volume relations come 
out almost exactly right. There can be little doubt, there- 
fore, that these new high-pressure forms are body centred, 
hke the body-centred Cs salts. It is interesting in this 
connection that KI and KBr showed no similar transition to 
nearly 20,000 kg./cm.*, and that CsF, which crystallises simple 
cubic, has no transition up to 12,000 kg./cm.*. The stability 
relations of the simple cubic and body-centred cubic lattices 
are evidently very sensitive to slight variations in the crystal 
parameters. The matter has been discussed by Pauling,* who 
concludes that we are not yet in a position to calculate from 
other data where to expect a transition, even in such very 
simple cases as these. It is somewhat surprising, in view of 
the extreme sensitiveness to slight changes in the parameters, 
that the transition pressures of the three Rb salts should be 
so nearly the same. 

Perhaps the next most important substances examined 
were the ammonium halides. NH4CI and NH4Br were 
already known to have two forms at atmospheric pressure. 
The two forms belong to the same sub-group of the cubic 
system, and, furthermore, have a very large volume difference 
of 15 per cent, or more. The transition lines of these two 
substances run nearly vertical, so that the phenomena in the 
temperature range up to 200° are confined to a very low 
pressure range. The ordinary form of NH4I was known to 
have the same structure as the high-temperature form of 
NH4CI and NH4Br, and search had been made at atmospheric 
pressure • for another form of NH4I corresponding to the low- 
temperature modification of the chloride and bromide, but 
without success. In this search temperature was lowered to 
—16° C., which seemed ample, in view of the comparative 
closeness of the transition temperatures of the chloride and 
bromide, 184-3° and 137-8° C. The expected modification 
was found almost at once on making the pressure exploration. 
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and the complete transition line runs very nearly parallel 
to that of the two others, being merely displaced to some- 
what higher pressures. The transition point at atmospheric 
pressure turns out to be —18®; but it is not a simple matter 
to get the new form on cooling at atmospheric pressure, 
because of various lag effects. 

Since my measurements of the pressure transitions of the 
NH4 salts were made, the X-ray structure has been worked 
out, and it appears that there is complete parallelism between 
these salts and the Rb salts. The high-temperature, or low- 
pressure, modifications of the three NH4 salts are like NaCl 
in structure, and the low-temperature, or high-pressure, 
phases are like CsCl. Furthermore, the character of the 
transition lines in the NH4 and the Rb series is very nearly 
the same, in each case running very nearly vertical, with 
very small latent heat. The order of the transition pressures is 
different in the two series, however ; in the Rb series the 
transition pressure at constant temperature decreases from 
Cl to I, whereas in the NH4 series it increases. 

This completes the list of simple substances, either elemen- 
tary or with simple lattices, and also completes the list of 
substances in which the phase diagrams of similar substances 
are similar. There are no other examples of such thorough- 
going similarity as shown by the Rb and NH4 halides. In 
fact, in aU other cases chemical similarity seems to offer no 
clue as to similarity of phase diagram, but the phase diagrams 
of closely related substances may be very different. 

A striking example of dissimilar phase diagrams of chemi- 
cally closely related substances is afforded by CCh and CBr4. 
Each has three solid phases, but the phase diagram of CBr4 
is apparently the exact inverse of that of CCI4, the phase of 
CBr4 stable at high temperature corresponding to the 
phase of CCI4 stable at low temperature. However, until 
the crystal structure of these modifications is worked out, we 
cannot be sure that we have set up the correspondence between 
these modifications in the right way, so that it is possible that 
the lack of correspondence may not be as extreme as just 
suggested. In any event, the phase diagrams will be greatly 
dissimilar. 
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Other examples of chemically similar substances with com- 
pletely different phase diagrams are the two pairs NH4SCN, 
KSCN, and NH«HS04, KHSO«. 

The univalent nitrates are an interesting group, in which 
there are many tempting suggestions of resemblances which 
cannot at present be worked out. The three nitrates with 
the simplest diagrams, RbNOj, CsNOg, and TINO3 contain 
one transition line which is so similar in all three diagrams 
that we may suspect a deep-seated structural similarity. 
This line is the II-III line of RbNOg, the I-II line of CsNOg, 
and the I-II line of TlNOg. In all cases this line is situated 
in approximately the same part of the phase diagram, it rises 
to higher temperatures with increasing pressure, and it 
marks a transition between a cubic form stable at the higher 
temperature and a rhombic form stable at the lower tempera- 
ture. But the II-III line of TlNOg has no known analogue 
in the other diagrams; perhaps it may be found at lower 
temperatures than have yet been explored. There is, how- 
ever, a complication in identifying the forms in this way, 
in that it is stated that RbNOg has a transition at atmo- 
spheric pressure at 219° C. (above the temperature range of 
the diagram) which does not appear in the other materials. 

I was unable, however, to find this high temperature form of 
RbNOg by my usual method of exploration. 

There is a further resemblance between the diagrams of 
these three nitrates and the high-pressure part of the 
NHgNOg diagram between the phases I, VI, and IV. Here 
the I- VI transition of NHgNOg would be the analogue of 
the I-II transition of TINO,, and the VI-IV transition of 
NHgNOg the analogue of the II-III transition of TlNOg. 
An argument in favour of this identification is that the 
crystal system of the known forms is the same — that is, I of 
NHgNOg and I of TlNOg are both cubic, and IV of NHgNOg 
and III of TlNOg are both orthorhombic; this would involve 
that VI of NHgNOg is rhombic, like II of TlNOg. 

There are other superficial resemblances in other diagrams 
of this group which may or may not correspond to anything 
real. Thus the I-II line of AgNOg suggests the II-III hne 
of KNOg; the low temperature phase is in each case ortho- 
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rhombic, and, furthermore, the high-temperature phase of 
AgNOj is known to be rhombic. This is also with high 
probability the crystal system of III of KNO,, because this 
is known to be the crystal system of a form unstable at 
atmospheric pressure,*^ which occurs only in the neighbour- 
hood of the I-II transition point, and which ipust almost 
certainly be the high-pressure modification carried a couple 
of hundred kilograms into its region of instability. But, on 
the other hand, there is the difficulty that AgNO, will not 
form mixed crystals with any of the other nitrates; this 
difficulty may perhaps be explained as meaning a rather 
large difference in the size of the structural units rather than 
as a difference of lattice type. 

A further possibility seems tempting at first, suggested by 
the obvious resemblance between the entire low-pressure part 
of the diagrams of NH4NO, and KNO3. The II-III-IV triple 
point of KNO3 is the analogue of the II-III-IV triple point 
of NH4NO3, and the I-II-III point of KNO3 would be the 
analogue of an unrealised triple point I-II-III of NH4NO8 
existing at negative pressures. The difficulty with this is 
that the known crystal systems do not correspond; the 
corresponding phases for NH4NO3 and KNO3, I and I, are 
cubic and rhombic respectively, the corresponding II and III 
are respectively tetragonal and rhombic, and III and II are 
respectively monoclinic and orthorhombic. 

The phase diagram of NH4NO3 contains an interesting 
feature beyond the temperature range of the diagram. There 
is still another transition point to a modification V at about 
—20° at atmospheric pressure. V has a larger volume than 
IV, so that the transition is of the ice type; this has been 
studied by Behn.^* V is known to belong to the same crystal 
system as II, and the interesting question arises as to whether 
II and V are not really the same phase, a thing which is 
thermodynamically possible, but which has never been 
established actually. The study of Behn does not rule out 
this possibility, but makes it less likely than had appeared 
at first. 

Another interesting feature about this diagram is, that a 
point on the unstable prolongation of the II-IV line to 
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atmospheric pressure has been realised by Bowen at the 
Geophysical Laboratory. 

One of the most interesting phase diagrams is that of water. 
Tammann first found the two new forms II and III, followed 
the melting curve of III over a short pressure range, and 
followed the transition lines between I and III and between 
I and II to low temperatures. He -found the crossing of the 
transition lines I-II and I-III, but could not find the transi- 
tion line I I-II I which thermodynamics demands must start 
from the crossing point. He also found a number of other 
transition points in the neighbourhood of these lines, which 
he explained by assuming other less stable forms, with 
properties very closely similar to those of the stable forms, 
and which he made the basis of an elaborate theory. I could 
not find these forms, although I did find phenomena which 
were similar to those found by Tammann, and I am con- 
vinced (B. 13, 17) that the explanation of all these irregulari- 
ties is merely false equilibrium arising from internal stresses, 
as already discussed. Tammann made the very interesting 
experiment of cooling the modification II to liquid air tem- 
perature, and then releasing pressure and taking II out of the 
apparatus at atmospheric pressure. As long as it remains 
cold, the transition to the stable form I does not run because 
of the great internal viscosity, but as II slowly warms into 
the region of appreciable reaction velocity, it puffs up with 
20 per cent, increase of volume, falling apart into a powder 
of the ordinary form of ice. 

The modifications V and VI of ice were beyond Tam- 
mann’s range. I first found VI, as already explained, in 
making compressibility measurements of liquid water near 
room temperature. The melting line between liquid and Ice 
VI has been followed beyond the range of the diagram to 
nearly 21,000 kg., with no indication of another form. 
Apparently both ice and liquid water approach complete nor- 
mality at high temperature. On the low-pressure end of the 
liquid-VI line there are certain abnormalities, in particular 
the curvature of Av against pressure, which is concave toward 
the pressure axis, but this reverses in the neighbourhood of 
9000 kg./cm.*, and from here on the behaviour is normal. 
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The conditions under which the different modifications of 
ice appear are somewhat capricious, and often inconvenient 
manipulation is necessary to arrive in the part of the phase 
diagram desired. The behaviour is particularly striking in 
the neighbourhood of the V-VI-liquid triple point, say, 
between o° and — lo” and between 5000 and 6000 kg./cm.*. 
With the ordinary form of apparatus, water in a steel piezo- 
meter with pressure transmitted to it by mercury, it is very 
difficult to produce the modification V. For example, if 
liquid water at —10° is compressed across the melting curve, 
the liquid will persist in the sub-cooled condition for an 
indefinite time, without freezing to V, the stable form. But 
if the compression is carried further, to the unstable pro- 
longation of the liquid-VI line, freezing to the form VI will 
take place almost at once on crossing the line, in spite of the 
fact that VI is unstable with respect to V. Now in order to 
make V appear, VI may be cooled 30° or 40°, when it will 
spontaneously change to V, the stable form. If pressure is 
now released back to 5000, say, and temperature raised to 
the melting line of V, melting takes place at once, and so the 
co-ordinates of the melting line may be found. Suppose 
now after the melting is completed the liquid water be kept 
in the neighbourhood of the melting line for several days, 
and then the pressure increased again across the melting line 
at —10°; it will be found that the instant the melting line 
of V is crossed the liquid freezes to V. This suggests that 
there has persisted in the liquid phase some sort of structure, 
not detected by ordinary large-scale experiments, favourable 
to the formation of V. It is now known, of course, from 
X-ray analysis that structures are possible in the liquid ; this 
experiment suggests a specificity in these structures that 
might well be the subject of further study. 

The formation of the nucleus of V may be favoured by 
the proper surface conditions. Thus if there is any glass in 
contact with the liquid, either a fragment of glass wool 
purposely introduced into the liquid, or by enclosing the 
water in a’ glass instead of a steel bulb, freezing to V takes 
place at once without the slightest hesitation immediately 
on carr3dng the virgin liquid across the freezing line. 
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Turn now from this consideration of special cases to general 
considerations. Enough cases have been examined to give 
some significance to a statistical study of all the transitions. 
There is apparently only one generalisation justified by all 
these cases; no critical point between solid phases has ever 
been found. Whenever in the diagrams a transition line 
apparently ends, the explanation is to be found in some 
other effect. Thus, in many cases, the substance decom- 
poses when carried to high temperature; examples of this 
are the I-III and the III-IV lines of NH4SO4, the I-III 
and III-II lines of CBr 4 or the I-II line of CCI4. The 
VI-IV line of camphor illustrates another possibility. Here 
the transition could not be followed further, because its 
velocity had become impossibly low; it is very common to 
find this state of affairs in following the line to low tempera- 
ture, but it is more uncommon on a rising line. However, 
on a rising line it must be recognised that there are two 
opposing tendencies ; increasing temperature tends to increase 
the transition velocity, and increasing pressure tends to 
decrease it, in part because of the increase of viscosity pro- 
duced by pressure. Sometimes, as in the case of camphor, 
the retardation produced by pressure is greater than the 
acceleration by temperature. 

A critical point between two solids with the accompanying 
possibility of a continuous transition from one solid to another 
is not at all to be expected, because such a change from one 
type of lattice to another is contrary to all that very wide 
experience which is expressed in Neumann’s law, namely, 
that the external crystal shape gives the most complete 
expression to the symmetry of the structure. For example, 
if a cubic crystal could be changed continuously into a tetra- 
gonal one, there would have to be a preferred direction in 
the original cubic structure, that is, the direction of the final 
tetragonal axis, which would be inconsistent with its complete 
cubic symmetry. 

Apart from the impossibility of a critical point, there seems 
to be no sort of restriction to which the phase diagrams 
of solids are subject. The situation here is entirely different 
from that with regard to the melting curves, which show a 
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number of regularities. Nearly all melting curves rise to 
higher temperatures with increasing pressure ; there are only 
three of the ice type — that is, those falling to lower tempera- 
tures with increasing pressure — which have been investigated, 
and of these that of ice itself is stable only over a range of 
2000 kg./cm.®. Casual inspection of the collected phase 
diagrams of solids shows that there are a comparatively 
large number of falling transition lines, and in fact nearly 
one-quarter of those investigated are of this type. Further- 
more, a falling curve need not carry in itself any evident 
seeds of inherent instability, such as was evident in the 
falling melting curve of ice, which is terminated by the 
appearance of a solid form of more normal properties. 

The melting curves all rise indefinitely, but there is one 
example, Hgig, of a substance with a transition line that 
rises to a maximum and then falls. There seems no intrinsic 
reason why there should not also be curves with a minimum ; 
perhaps resorcin, studied by Dennecke,^^ may prove to be an 
example of this sort if some method can be devised for over- 
coming the very rapidly increasing sluggishness of the 
transition at low temperatures and high pressures. At a 
maximum temperature on a transition line, at which the 
transition runs with no change of volume, there is an inter- 
esting relation between the compressibility of the two phases. 
A moment's consideration will show that to the left of the 
maximum point of Hgl^ the phase I, which here has a larger 
volume than II, is more compressible than II. This larger 
compressibility continues to characterise I even to the right 
of the maximum, where I is now the phase of smaller volume. 
This means that the mere existence of a maximum tem- 
perature involves the necessity of there being conditions 
under which the phase of smaller volume has the higher 
compressibility. 

Not only may the transition lines have horizontal tangents, 
but there are examples of vertical tangents. Neither of these 
show well on the scale of the diagram, but the transition line 
between ice I and III contains a vertical tangent, at which 
pressure is a maximum, and the transition line between the 
two varieties of benzene has a vertical tangent with minimum 
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pressure. The mere existence of such vertical tangents, at 
which the transition runs with no latent heat, means that 
there are conditions under which the phase stable at the 
lower temperature has the higher specific heat. Thus the 
modification I of benzene, below the temperature of the 
vertical tangent, has a higher specific heat than II. This 
may be proved by a simple cyclic process carried out at a 
pressure slightly above the minimum pressure, starting with 
I below the transition line, carrying I across the transition 
line and transforming to II, raising temperature on II at 
constant pressure until the transition line is reached again, 
carr5dng II across the line with transition to I, and then 
carrying I directly back to the starting-point at constant 
pressure through the region of stability of II, the transition 
to II this time being suppressed. 

The melting lines, and vapour lines as well, always are 
curved in the same direction — that is, they are concave 
toward the pressure axis. There are a number of transition 
lines between solids with the opposite curvature; KNO3 and 
NH4SCN afford examples of rising and falling lines respectively 
in which the curvature is very great. 

In Table XIII the results of a statistical examination of 
all the transition lines are collected. The classification is 
according to the various significant features of the curves; 
first with regard to the slope, whether rising or falling; 
second, with respect to the curvature, whether concave 
toward the pressure axis, called normal, or convex, called 
abnormal; third, with respect to the variation of Av along 
the transition line, called normal if Av decreases with rising 
temperature along the line and abnormal if Av increases; 
fourth, with respect to the difference of compressibility 
between the phases, called normal if the phase of larger 
volume is the more compressible, otherwise abnormal; fifth, 
with respect to the difference of thermal expansion, called 
normal if the phase stable at the higher temperature has the 
greater expansion, otherwise abnormal; and finally with 
regard to the difference of specific heats, called normad if the 
phase stable at the higher temperature has the greater specific 
heat, otherwise abnormal. In those cases where the varia- 
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TABLE XIII 

Statistical Study of Transition Parameters 



tion has been too small to detect, the normal classification 
has been made. 

The significant thing about the table is the comparatively 
large number of cases of ‘abnormal’ behaviour. The 
number of ice-type curves and curves with abnormal curva- 
ture has already been commented on. The behaviour of Aa, 
difference of compressibility, is most significant; here there 
are ten normal cases and seventeen abnormal cases. That is, 
in more than half the known cases the phase of smaller volume 
is the more compressible. Such behaviour was not so difficult 
to understand in the case of liquid water and ice, the smaller 
compressibility of ice being evidently connected with the 
rigidity to be expected of a lattice structure, but such a 
relation between different lattices is more unexpected. 
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Similarly there are more abnormal than normal cases of 
thermal expansion, lo against 7. This perhaps is not so 
surprising when it is considered that the thermal expansion 
involves a departure of the restoring forces from linearity, 
and the restoring forces must vary in very complicated ways, 
as shown by the multiplicity of the transition phenomena. 
The difference of specific heat is normal in ii cases and ab- 
normal in 8. One is inchned to think of the specific heat as 
a measure of the number of internal degrees of freedom, and 
to expect the greater number of degrees of freedom in the 
high-temperature form, and therefore the larger specific heat 
here also. The proportion of cases of the opposite behaviour 
seems high, although not more than half. Any substance 
for which the specific heat of the high-temperature form is 
less than that of the low-temperature form must have further 
abnormalities in the specific heats as a function of tempera- 
ture at atmospheric pressure. If we assume that the third 
law of thermodynamics is applicable to any two crystal 
phases, then at a transition point the low-temperature phase 
will pass into the high-temperature phase with increase of 
entropy. But the high-temperature phase cannot have a 
greater entropy than the low-temperature phase if its specific 
heat is lower all the way down to the absolute zero. It 
follows the specific heat curves must cross, and, furthermore, 
must cross at a temperature high enough to permit the total 

c 

area under the curve of — against r to be greater for the 

T 

high- than the low-temperature phase. 

In addition to the data covered in the table, a considera- 
tion of the crystal system of the various forms is of signifi- 
cance. Here, unfortunately, the crystal systems of only 
those phases are known which can be realised at atmospheric 
pressure. The close-packed arrangements occur in the cubic 
and hexagonal systems, and it is therefore perhaps natural 
to expect that there will be a tendency for high-pressure 
forms, which are produced from the low-pressure forms with 
decrease of volume, to crowd into the cubic and hexagonal 
systems. The exact opposite turns out to be the case; in 
general that one of the two forms which has the higher 
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symmetry has also the greater volume. Thus in the examples 
above, there are seventeen cases in which one of the two 
phases is cubic; in ten of these cases the cubic form is the 
form of greater volume, so that the effect of pressure is to 
compel a transition from a form of high symmetry to a form 
of lower symmetry. Similarly, in four of the five cases in 
which one of the reactants is hexagonal, the phase of greater 
volume has the greater symmetry. An explanation of this 
at once suggests itself. The close-packed arrangement, 
either cubic or hexagonal, referred to above, is a close-packed 
arrangement of spheres. It is difficult to think that pressure 
will not produce a more close-packed arrangement; the fact 
that it does not tend to produce the cubic or hexagonal 
arrangement means that the molecules are not in general 
spherical, so that the close-packed arrangement must follow 
a more complicated pattern. At low pressures, on the other 
hand, where the molecules are not crowded so closely to- 
gether, the parts of the fields of force which determine the 
relative positions in the lattice approach more closely to 
spherical symmetry, just as in electrostatics the field about 
any complicated charged system approaches the field of a 
point charge at great distances, and the close-packed spherical 
structures predominate. 

Thus far we have considered only the mutual relations 
between two phases at a transition line. At a triple point 
three phases may coexist. The relative positions of the 
three transition lines at a triple point depend on the relative 
volume and energy relations of the three phases. Roozeboom^* 
divided all possible triple points into eight classes, depending 
on the relative positions of the transition lines in the four 
quadrants of the p-t plane consistent with the demands of 
thermodynamics. At the time that he wrote, an example of 
only one of these eight types of triple point was known. The 
transitions given in figs. 62 and 63 above now bring the number 
of types of triple point that have been realised up to six, so 
that there are only two cases missing. There is no reason to 
think that there is any essential reason why these cases will 
not also sometime be found, if enough substances are 
examined. The details of Roozeboom’s classification of triple 



250 


THE PHYSICS OF HIGH PRESSURE 


points is described in one of my papers (B. 25). It is not 
significant enough to demand further discussion here; the 
important point for us is that there is here additional evidence 
of the greatest possible variety in the relations between poly- 
morphic forms. 

Up to this point we have considered only the thermo- 
dynamic parameters of the reacting soUds, There is another 
group of phenomena, equally significant in giving a complete 
picture of the physical situation; these are the phenomena 
of the velocity of transition from one phase to another, or 
the various phenomena of retardation or suppression of tran- 
sitions which are thermod}mamically possible as judged by 
the criterion of equality of thermodynamic potentials. In 
connection with many of the transition measimements 
described above, I made a nupiber of observations of velocity 
phenomena, which have been collected into a separate 
paper (B. 24). One of the most striking of these phenomena 
is the enormous temperature coefficient of velocity of some 
transitions. A particularly striking example is that of ice 
I-III. Near the upper end of this transition hne, which is 
terminated by the triple point with the liquid, the transi- 
tion runs with almost explosive rapidity; in fact pressure so 
rapidly follows the change of volume produced by moving 
the piston that the pressure gauge will show no change of 
pressure. At a temperature only 20® lower the transition 
is so slow that hours are required to run to completion, and 
below —70® the transition line cannot be followed at all. 
This reaction is quite different frorfi the ordinary chemical 
reaction, which doubles in velocity for a temperature rise of 
about 10®. The fact that the latent heat of .the transition 
from ice I to III is practically zero makes it possible for the 
phenomena to be especially striking, since the apparent 
transition velocity need never be limited by the necessity 
for removing the heat of transition by conduction. Except 
for this complication there is no reason to think that there 
are not other substances with as large a temperature co- 
efficient of transition velocity. 

The method of measuring transition velocity in these cases 
is very simple; it consists merely in observing the rate at 
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which pressure spontaneously changes at constant volume. 
The known difference of volume between the reacting phases 
enables this at once to be turned into cm.* or grm. of transi- 
tion per minute. This may be further changed into speed of 
motion of the surface separating the two phases, if desired, 
because in nearly all cases one could be sure that the transi- 
tion progressed by a surface of separation of the two' phases 
sweeping lengthwise through the material, which was in the 
form of a cylindrical rod. 

A great many observations were made of pressure as a 
function of time as the transition was progressing. The speed 
of the transition can be found from the slopes of these curves, 
and this speed then may be plotted against pressure. The 
general behaviour to be expected is that the velocity of the 
transition, in one or the other direction, becomes greater as 
the pressure displacement from the equilibrium pressure 
increases. This turns out to be true, unless the displacement 
is so great that a new phenomenon enters, analogous to one 
shown by liquids on freezing, namely, the velocity may become 
less again because a region is entered in which viscous effects 
predominate. This viscous effect was found on a few 
occasions, notably with AgNO,, but in general the effect is 
difficult to observe, and the transition usually runs more and 
more rapidly at greater distances from the equilibrium curve. 

As the pressure approaches the equilibrium value, many 
solid transitions, although not by any means all, show a 
phenomenon which has no analogue in melting phenomena, 
and which points to an essential difference of mechanism. 
If a solid and its melt are in contact, the reaction will run, 
either until one phase is exhausted or until the equilibrium 
pressure is attained, the direction from which the equilibrium 
pressure is attained, whether from above or below, being 
a matter of indifference. The same is true, of course, of 
equilibrium between a liquid and its vapour. In these two 
cases equilibrium is doubtless set up by a sort of dynamic 
mechanism, there b'eing streams of molecules going in both 
directions, some leaving the vapour phase and condensing on 
the liquid, and others leaving the liquid and vaporising. 
At equilibrium the velocities of the two streams are equal. 
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and if the equilibrium point is left, the velocity of one or the 
other stream becomes greater, and equilibrium is automati- 
cally restored. There are many solid transitions in which 
the behaviour is entirely different. This may be illustrated 
by an imaginary typical example. Suppose equal amounts 
of the two phases A and B in contact with each other at 
the pressure and temperature of thermodynamic equilibrium. 
Keeping temperature constant, pressure is raised 500 kg./cm.* 
into the region in which A is the stable form. The transition 
to A now runs with decrease of volume, and pressure drops 
back at a rate which can be measured, and which becomes 
so rapidly less that the transition ceases to run when pressure 
is still 100 kg./cm.* above the initial pressure, and while there 
is still a considerable amount of B left. The same sort of 
thing happens if pressure is lowered 500 kg./cm.* below the 
initial pressure ; B, with the larger volume, is now the stable 
phase, and the transition runs, carrying the pressure back 
toward the initial value, but at a rate which rapidly becomes 
less until the transition ceases to run entirely at a pressure 
100 kg./cm.* below the initial pressure. This means that 
there is a region 200 kg./cm.* wide within which the tran- 
sition will not run with perceptible velocity although the 
two phases are in contact. This may be checked by setting 
the pressure artificially at any point within the region, when 
it will be found that no transition will occur. It might be 
thought that this cannot be a legitimate effect, and is to be 
explained by supposing that the transition velocity merely 
becomes too low to measure. The answer to this is given by 
the actual curves plotting transition velocity as a function of 
the pressure displacement. A typical example for the tran- 
sition between the two modifications of yellow phosphorus 
is given in fig. 65. Therf can be little uncertainty, I think, 
in extrapolating the curves to cut the axis, which means that 
the transition velocity is zero in the region between the two 
intersections. Of course to prove this by direct experiment 
would demand experiments lasting for an indefinite time; as 
it was, a range of 5000-fold in the transition velocity was 
sometimes reached, with no trace of any bending of the curves 
at the lower end, which must occur if the objection is valid. 
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The region within which the transition will not run, even 
when the two phases are in contact, I have called the ‘ region 
of indifference.' The width of the region varies from point 
to point along the transitiori line in a way depending very 
greatly on the particular substance. Many substances have 
no region of indifference at all ; others have a region which 
may either increase or decrease in width on passing along the 
transition line to points at high temperatures, or even there 
may exist a region at one end of the line 
which may fade out to zero width in a 
finite distance on the transition line. In 
most cases, the width of the region does 
not exceed a few hundred kilograms, 
although in one extreme case, AgNOs, 
a width as great as 1500 kg./cm.* was 
observed. In the detailed paper will be 
found curves for a large number of sub- 
stances giving the width of the region 
as a function of temperature along the 
transition line; the fact that the ob- 
served points lie on smooth curves lends 
additional strength to the contention 
that we are here dealing with a real 
phenomenon. 

The curves of transition velocity 
against pressure, exemplified by fig. 65, 
have another interesting property, in that 
they are not symmetrical. It is obvious 
from the figure that the left-hand curve 
plunges into the axis less abruptly than the right-hand 
curve. The two limiting slopes where these curves strike the 
axis are characteristic of something in the transition mechan- 
ism; a number of these limiting slopes are given in the 
detailed paper as a function of position on the transition 
line. In practically all cases the behaviour is the same as 
that of the figure — that is, the slope is greatest on the high- 
pressure side. This is perhaps what might be expected; 
on this side of the transition line the transition runs with 
decrease of volume, which is the direction in which it would 



Pressure 

Fig. 65. — The effect of 
pressure on the transi- 
tion velocity of the two 
modifications of yellow 
phosphorus at o°. 
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be urged by the pressure, so that as pressure is increased 
beyond the indifferent limit the transition can more readily 
acquire a high velocity than on the low-pressure side of the 
region, where it is running against the pressure. A similar 
asymmetry is to be expected on the melting line; it is not 
usually observed, however, because the speed of melting or 
crystallising is usually so great as to be entirely controlled by 
the necessity for conducting the latent heat away from the 
system, and this is a symmetrical phenomenon for not too 
great temperature differences. If, however, the liquid is one 
in which crystallisation takes place so slowly that it is not 
entirely controlled by thermal conduction, asymmetric effects 
are to be expected, and have in fact been observed in benzo- 
phenone, which crystallises very slowly. 

The existence of a region of indifference means that the 
co-ordinates of the transition line on which the two phases 
are thermpd3mamically in equilibrium cannot be exactly 
determined by the method of volume discontinuity. The 
best that can be done under the circumstances is to locate the 
transition line in the middle of the region of indifference. 
The error so arising cannot be large, because as already 
stated the band is seldom more than loo or 200 kg./cm.* 
wide, which is small in comparison Avith total pressures of 
thousands of kilograms. 

These velocity effects, so different for solid transitions 
from the corresponding melting or vaporisation phenomena, 
suggest that there must be a fundamental difference in the 
mechanism. It does not seem possible that the transition 
between two phases which have a region of indifference can 
be a matter of dynamic equilibrium between two streams of 
molecules going in opposite directions, but there must be 
something in the situation more static in character. The 
following gives a crude suggestion in a very much over- 
simplified case of what may possibly be involved. Imagine 
that the type of lattice structure can be specified by a single 
parameter, which is capable of continuous variation. Plot 
the potential energy of the lattice at constant pressure and 
temperatmre as a function of this parameter. Any lattice 
which is capable of physical existence will correspond to a 
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minimum on the potential energy curve. If the pressure 
and temperature which we have chosen correspond to the 
co-ordinates of a point on the transition line, then on the 
potential energy curve there, will be corresponding to the 
two modifications two minima with the same absolute value 
of the potential energy, because the two phases are in equili- 
brium with each other. Now consider that the pressure is 
displaced at constant temperature, first toward higher values 
and then toward lower values. 

The one phase becomes rela- 
tively more stable for the one 
displacement, and the other for 
the other. This means a dis- 
placement of the curves for ^ 
potential energy against lattice | 
parameter something as indi- ® 
cated by the dotted lines in fig. 5 
66. As the pressure displace- § 
ment increases, the tendency ^ 
shown by the two curves be- 
comes accentuated, until at 
great enough displacements one 
or the other minimum entirely 
disappears. 

Urn picture suggests why it i, 

that there may be a region of of two modifications in the neigh- 
indifference. If one phase is ^"hood of their transition pres- 

able’to pass into the other when 

the two are in contact at the point of thermodynamic equi- 
librium, it is necessary for some of the molecules in that 
phase to pass over the intermediate hill of potential which 
separates them from the other phase before they can settle 
down into their second position of equilibrium. The passage 
over the intermediate hill is faciUtated by temperature 
agitation; if the hill is too high or temperature agitation too 
small, the hill caimot be surmounted, and the transition will 
not run in the neighbourhood of the equilibrium point. As 
presstire is displaced from the equilibrium point, however, 
the diagram suggests that the height of the hill of potential 
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diminishes, until finally a point is reached where the hap- 
hazard energy of temperature agitation is sufficient to make 
the leap. If there were a tnily Maxwell distribution of 
velocities, then some molecules would be capable of making 
the leap no matter how high the hill, and there would be no 
region of indifference. If we suppose that the definiteness 
with which the lattice parameter is distributed among the 
molecules varies with pressure and temperature along the 
transition line, as it must, then it is easy to see that the width 
of the region of indifference may change along the transition 
line. This picture of course is very crude. For example, I 
can see no necessary connection between the region of 
indifference and a Maxwell distribution, but I believe that 
qualitatively the actual situation must have features in 
common with that suggested above. 
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CHAPTER IX 


ELECTRICAL RESISTANCE OF METALS AND SOLIDS 

Reference has already been made in the historical introduc- 
tion to measurements of the effect of pressure on electrical 
resistance. It will suflSce here to very rapidly recapitulate 
this history, emphasising various points not previously made. 

Wartmann.i in 1859,, was apparently the first to search for 
the effect. He could find no change of resistance of a copper 
rod when subjected to a fluid pressure of 9 kg./cm.*, but 
found an increase in resistance when the rod was compressed 
to an unknown pressure in sheets of gutta-percha between 
steel plates in a hydraulic press. His effect was doubtless 
mostly a temperature effect. Chwolson,* in 1882, found that 
the resistance of Cu, Pb, and brass decreases under a pressure 
of 60 kg./cm.*, and he was able, furthermore, to establish that 
the resistance would also decrease when correction was made 
for the change of dimensions. Tomlinson,* in 1883,' estab- 
hshed the decrease of resistance of Cu and Fe to a pressure 
of a few hundred kilograms per sq. cm. Lussana,* in 1899, 
studied the effect of pressures to 1000 kg./cm.* on the resist- 
ance of a number of metals; he found two effects: a temporary 
effect immediately after the application of pressure, and a 
permanent effect, enduring during the application of pressure. 
No other observer, with one exception, has been able to repeat 
Lussana’s results, and there can be little doubt that they 
are incorrect. A careful discussion of the various possible 
sources of error in Lussana’s work will be found in the thesis 
of Lisell.* The pressure effects on liquid mercury were 
measured in 1882 by Lenz • to 60 kg./cm.*, by Barus * in 
1890 to 400 kg./cm.*, and by de Forest Palmer* in 1897 to 
2000 kg.^m.*. The latter measured the pressure with an 
Amagat free piston gauge, and his results were by far the 
most accurate in that field up to that time. Lisell,* in 1903, 
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published results to 3000 kg./cm.* for six pure metals and a 
number of alloys, by far the most extensive work to that 
time. He reproduced the relation between pressure and 
resistance by a second-degree expression in pressiure, and 
proposed the use of manganin as a secondary gauge. In 
1907 WiUiams • investigated several metals to 700 kg./cm.*, 
and first discovered the positive pressure coefficient of bis- 
muth. In 1909 Lafay measured manganin, platinum, and 
mercury to 3500 kg., and confirmed the hnear relation found 
by Lisell between the resistance of manganin and pressure. 
In 1909 Mont^n measured with Lisell’s apparatus the 
resistance of Se and AgS. In 1911 Beckman measured, also 
with Lisell’s apparatus, the resistance of pyrites, iron glance 
(FejOa), and a number of alloys of Cd — Pb and Ag — ^Au. 
The pressure coefficient of pyrite was about — 2*3 x I0“‘, and 
for FeiOs -6-8 to — 8-2Xio-*. Beckman has published 
other papers on the same subject: in 1912 on the Au — Ni 
alloys, and in 1917 on Tl, Ta, Mo, and W to 2000 kg./cm.*. 
In 1917 I published the first of a series of papers, and these 
will now be discussed in detail (B. 26, 27, 28, 32, 34, 35, 36, 
37. 40. 45. 49. 53, 54. 62, 65, 66, 67, 72, 73). 

The early measurements of the effect of pressure on resist- 
ance were very discordant, so that this came to be regarded 
as a diffictilt subject for physical investigation — much more 
difficult, for example, than the compressibility of a liquid. 
The chief cause of the early difficulty was the smallness of 
the effect, due to the narrowness of the pressure range; in 
fact, the effects were so small that they might be entirely 
masked by the effects arising from changes of temperature 
incidental to changing pressure. This can be realised when 
it is considered that there are several metals for which the 
effect on the resistance of a change of temperature of 1° is 
equal to that of a pressure change of 3000 or 4000 kg./cm.*. 
But with increase of the pressure range to 12,000 kg./cm.* 
these difficulties disappear, and the measurement of the effect 
of pressure on resistance is now one of ^e easiest of pressure 
measurements. 

There are several precautions to be observed in making 
such measurements. The temperature, of course, must be 
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kept constant, or else must be measured and a suitable 
correction applied for its variation, to an accuracy corre- 
sponding to the pressure coefficient of the particular metal 
and the desired accuracy of the results. The metal, parti- 
cularly if it is high melting and capable of holding internal 
strains, should be seasoned by preUminary temperature 
changes, and also by several preliminary applications of 
high pressure. Pressure should be transmitted by a liquid 
which does not freeze or become so viscous under pressure as 
to produce stresses in the metal. The terminals should be 
carefully attached, and the area over which attachment is 
made should be small enough so that slight relative motion 
of the various pieces of metal at the contact, arising from 
compressibility differences of the metals and solder, may not 
lead to measurable changes in the resistance. 

Two different methods were employed, depending on the 
dimensions of the metals. A number of metals could be 
drawn into fine wire and insulated with silk. These were 
wound non-inductively into coils exactly like the manganin 
gauge coil, and the resistance measured in the same way on 
a Carey Foster bridge. Other metals, which could only be 
obtained in relatively coarse pieces of low resistance, were 
measured with a potentiometer. Four terminals were 
attached to the specimen, two current and two potential 
terminals, and the difference of potential at the potential 
terminals compared by a null method with the drop of 
potential produced by the same current flowing through a 
known combination of resistances. In using this latter 
method a special insulating plug has to be used in which 
three insulated terminals are carried into the pressure 
apparatus. 

In addition to solid metals, a number of liquid metals have 
been measured. Most of these can be successfully measured 
by enclosing them in fine glass capillaries, provided with 
four sealed-in platinum terminals, and using the potentio- 
meter method. There is a difficulty with the platinum con- 
tacts, which are almost certain to crack the glass because 
of unequal compressibility between glass and platinum. 
The difficulty may be minimised by using fine platinum 
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wire, o-ooi in. in diameter; it is practically impossible to 
prevent the glass from cracking, but if leads as fine as this 
are used, the glass will usually hold together even after it 
has cracked. 

In the thirteen years since my first measurements were 
published, the effect of pressure has been measured on the 
resistance of 52 pure metals, 5 of them in the form of single 
crystals, and 24 alloys. It is my purpose to keep the list 
as complete as possible, and I try to add to it whenever a 
new metal becomes available, or an old metal in a state of 
higher purity. 

Resistance of Elements. — The first investigations of the 
effect of pressure did not suggest any notable variation 
in the behaviour of different metals. The early measure- 
ments were made on the common metals, which are most 
easily formed into wire, which have comparatively high 
melting-points, and which are comparatively incompressible, 
such as Fe, Ag, Cu, and Pt. The resistance of these was 
found to decrease with pressure, but by rather small amounts. 
In 1907 Williams discovered the abnormal positive pressure 
coefiicient of Bi. This remained an exception for some 
time, other common metals, as they were added to the list, 
having also negative coefficients. But as the unusual places 
in the periodic table were explored, a wealth of behaviour 
at first unexpected has been disclosed, so that it is much more 
difficult to characterise the effect of pressure on resistance 
in a broad way than at first seemed possible. In the following 
discussion the method of classification will be from the simple 
to the complex; a more significant classification would be 
desirable. Classification according to the position in the 
periodic table might be thought to satisfy this condition, 
but this particular scheme would not be satisfactory, for the 
abnormalities of behaviour are scattered through the periodic 
table in an apparently haphazard manner. It will be neces- 
sary in this discussion to deal separately with those metals 
which crystallise in the cubic system and those which crystal- 
lise in some other system ; the former have the same resistance 
in every direction, and therefore have only a single character- 
istic pressiure variation, whereas the resistance of the latter 
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varies with direction, and the pressure coefficient is also a 
function of direction. 

As already intimated, the high melting, mechanically hard, 
strongly metallic elements all have pressure effects quali- 
tatively alike, in that resistance decreases under pressure by 
something of the order of i or 2 per cent, for a pressure of 
12,000 kg./cm.*. The change of resistance is not linear with 
pressure, but as the pressure increases the change becomes 
less — that is, resistance plotted against pressure gives a curve 
convex toward the pressure axis as in fig. 67. In fig. 68 
the actual resistance of sodium is shown as a function of 
pressure over a sufficiently wide 
temperature range to include in 
one diagram both solid and 
liquid metal. The curvature is 
very pronounced for sodium. 

The experimental accuracy is 
great enough, so that it can be 
definitely established in most 
cases that a second-degree ex- 
pression in the pressure is not 
adequate to reproduce the re- 
sults. No unique statement can 
be made about the third-degree term, there being examples 
of both positive and negative terms, but it is perhaps 
more common that it should be negative, so that in the 
majority of cases the change of resistance may be written 
as AR/Ro = — where a, b, and c are all posi- 
tive. In the original papers the results may be found 
given in graphical form, which is more accurate than a 
power-series representation. It may be said that the re- 
production of my results in International Critical Tables in 
two constant forms does not usually retain all the accuracy 
af the original results. The principal results for the elements 
and two compounds, TiN and TiC, are summarised in Table 
XIV, in which the relative resistances are given at o, 4000, 
8000, and 12,000 kg./cm.® at usually two temperatures. In 
this table those substances are noted which satisfy a linear 
or quadratic relation. 



Fig. 67. — Shows the direction of 
curvature of practically all fall- 
ing resistance curves. 
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The effect of pressure on a great many metals was deter- 
mined at a number of temperatures between o® and ioo° C. 
It was found that there is comparatively little change of 
pressure coefficient with temperature. A consequence of this 
is that the temperature coefficient of resistance is nearly 



Fig, 68. — Relative resistances of sodium at constant temperature as a 
function of pressure. 


independent of pressure. This might be expected in view of 
the fact that the temperature coefficient of so many metals 

is nearly the same and equal to Since a metal free from 

pressure, and the same metal exposed to pressure may be 
regarded as a special case of two different metals, it is not 
surprising that the temperature coefficient should be little 
affected by pressure. 
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Examples of metals to which the foregoing remarks apply 
are Fe, Co, Ni, Rh, Pd, Ir, Pt, Cu, Ag, Au, Zr, Hf, Th, Cb, 
Pr, La, Ta, Cu, Mo, W, and U. In this group the smallest 
pressure coefficient numerically is that of Zr, which is 
—•32x10-*, and the largest is that of Ag, which is 
— 3'83 X I0-*. As might be expected from the approximate 
independence of the temperature coefficient of pressure, the 
pressure coefficient nas a tendency to vary with temperature 
by a larger amount when the coefficient is absolutely small 
than when it is large. Thus the pressure coefficient of Zr is 
—4*3 xio-’ at 30° and — 6’0 xio-’ at 75°, while that of Ag 
is — 3-62 XIO-* at 30° and —3-59 xio-* at 75°. In spite of 
the comparatively large percentage change in the pressure 
coefficient of Zr, the mean temperature coefficient between 
30° and 75® decreases only from 0-00351 at atmospheric 
pressure to 0-00346 at 10,000 kg./cm.*. 

An important fact to notice here is that the effect of pres- 
sure on these metals is a specific effect. The coefficient 
given is the coefficient measured in the ordinary way with 
terminals attached to the specimen. But the dimensions 
change under pressure, so that a correction must be applied 
to the pressure coefficient of measured resistance to obtain 
the pressme coefficient of specific resistance. The correction 
to be applied is obviously the linear compressibility, the 
measured resistance being too small by the linear compressi- 
bility because of the decrease of length, and too large by 
twice the linear compressibility because of the decrease of 
cross-section. In the case of Zr, where the correction is a 
maximum, the pressure coefficient of specific resistance at 
30® is -8-30 X 10-’ against —4-31 x 10-* for the pressure 
coefficient of measured resistance. For most of the other 
metals the effect is much less; thus the coefficient of specific 
resistance of Fe at 30® is — 2-62Xio-*, and the coefficient 
of measmed resistance is -2-42 xio-*. 

After the group of the hardish metals with high melting- 
points, there is a group of softer metals with lower melting- 
points. The metals included in this list are Al, Mg, Zn, Pb, 
Cd, Tl, Sn, In, and Hg. Not all of these are cubic. Those 
which have been examined in the single crystal form will 
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be discussed in detail later; in the meantime the aver- 
age pressure coefficient for the multi-crystaUine, haphazardly 
arranged metal will be understood. In this series the pres- 
sure coefficient runs from — 4-1 xio-* for Mg to -15-0 xio-* 
and — 23*6 XIO-* for In and solid Hg. The general tendency 
is for the curvature of the plot of resistance against pressure 
to become greater, the greater the absolute value of the 

coefficient. Thus for In the pressure coefficient — has 

Ivfl dp 

the value — 15-0 xio-* at o kg. and —9*9x10-* at 12,000 
kg./cm.*, a decrease of 34 per cent., while for A 1 the corre- 
sponding figures are —4*16 x lo-* and —3*47 x 10-*, a decrease 
of i6*6 per cent. This relation is not by any means universal ; 
thus the change of the coefficient of Mg with pressure is nearly 
as large as that of In. It is true of these metals also that the 
temperature coefficient is nearly independent of pressure; 
there are slight variations and no uniformity about the sign; 
the pressure coefficient may either increase or decrease with 
temperature. 

This completes the list of metals that one is tempted to 
describe as normal. There are besides these some fifteen or 
sixteen others that may be classified for one reason or another 
as abnormal. It is evident that when so large a proportional 
number must be described as abnormal no great significance 
can be attached to the designation 
‘ normal.' 

As already mentioned, Bi was the . 
first metal abnormal with respect I 
to its pressure behaviour to be mea- | 
sured; Williams found its pressure 
coefficient to be positive. I have 
extended the measurements to Pmun 


12.000 kg./cm.*, and in one case to 

18.000 kg./cm.* for single crystal 
rods of different orientations. The 


Fig. 69, — Shows the direction 
of curvature of practically 
all rising resistance curves. 


first result is that the pressure coefficient becomes increas- 


ingly positive over this range; this means that the curve of 
resistance against pressure is convex toward the pr^sure axis 
as shown in fig. 69, as it was also in the cases of decreasing 
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resistance. The actual curves of resistance against pressure at 
several temperatures for strontium are shown in fig. 70; the 
upward curvature is very pronoimced. But whereas this was 



Fig. 70. — Relative resistances of strontium at several constant 
temperatures as a function of pressure. 

entirely to be expected when resistance diminishes with pres- 
sure, it is quite the opposite of what might be expected when 
resistance increases. One expects a sort of law of d iminis hing 
returns as pressure increases, the effect of equal increments of 
pressure diminishing as pressure increases, because of a kind 
of exhaustion of the possibilities. This is what happens for 
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those metals whose resistance diminishes with increasing 
pressure, but in the case of Bi the effect of equal increments 
of pressure increases as pressure increases, so that we have 
instead a law of increasing returns. 

The effect of crystal orientation is very marked, the pressure 
coefficient when current flows' perpendicular to the • basal 
plane, which is also the plane of principal cleavage, being 
nearly twice as great as for flow in the basal plane. The 
following results can be found by extrapolation of experi- 
ments made at orientations of 8° and 8o® : — 


TABLE XV 

1 

Angle between basal 
plane and length 

Temperature 

30“ c. 

AR/R (0 kg., 30“) 

75° c. 

AR/R (0 kg., 75°) 

0* 

90® 

1*039 X 2*94 X 

2*026 X IO""*/>-f 8 *i6 XIO’”'®/^* 

1*047 XIO“®/> 4-2*65 

1*990 X xo~*^ 4 - 6*19 X lo”"^®^* 


It is thus seen that the resistance across the basal plane 
increases more rapidly with pressure than the resistance in 
that plane. But the resistance across the basal plane is at 
atmospheric pressure greater in the ratio of 139 to 109 than 
the resistance in the plane, so that this means that the differ- 
ence between these two directions becomes accentuated at 
high pressures. In fact, the ratio of the resistance in the 
two directions increases from 1*275 at atmospheric pressure 
to 1*48 at 12,000 kg./cm.*. 

From one point of view the accentuation by pressure of 
the excess of resistance for flow perpendicular to the basal 
plane is not to be expected, because one explanation for this 
excess has been that the cleavage plane constitutes a sort of 
flaw in the crystal which makes the passage of current more 
difficult. This point of view would lead to the expectation 
that under pressure the separation of the cleavage planes 
would be diminished, and therefore the difference of resistance 
decreased. The fact that pressure works in the other direc- 
tion suggests that the abnormal pressure effect is in some way 
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connected with the lattice structure. This is confirmed by 
the behaviour of liquid Bi under pressure. Liquid Bi is quite 
‘normal,’ in that its resistance decreases under pressure; 
furthermore, the curve of resistance against pressure is 
convex toward the pressure axis, and the temperature co- 
efBcient is nearly independent of pressure. At 275° C. the 
initial pressure coefficient is — i2-3Xio-*, which is in the 
same range of magnitude as for other low-melting metals, 
such as Pb or Sn. This question of the resistance of the 
liquid will be referred to again later. 

It was natural to expect that Sb would be abnormal as 
well as Bi, and this, indeed, turned out to be the case. In 
1917 I found that the resistance of ordinary polycrystalline 
Sb increases with pressure, the average coefiicient to 12,000 
kg./cm.* being 12-2x10-*. The effects were not regular, 
there being hysteresis and permanent change of zero after 
apphcation of pressure. Later, measurements were made on 
the effect of pressure on single crystal rods of various orienta- 
tions. Under these conditions the irregularities disappeared, 
and the resistance became a single valued function of pressure. 
Doubtless the irregular results for polycrystalline material 
are due to internal strains arising from the unequal compressi- 
bility of the single crystal grains in different directions. Such 
effects are always to be expected in aggregates of non-cubic 
metals, a consideration which apparently is not properly 
appreciated. For example, irregularity is to be expected in 
the thermal behaviour of such substances, because of the 
unequal thermal expansion in different directions; it may 
well be that something of this sort is the explanation of the 
polymorphic transition of Sb that has been claimed near 
150°, and the explanation of numerous other irregularities 
in the behaviour of such metals as Zn and Cd. 

The resistance of single crystal Sb under pressure has many 
other abnormalities than that of sign. At atmospheric 
pressure Sb is the only crystal yet measured in which the 
resistance across the planes of easiest cleavage is less than 
in the plane of cleavage. The effect of pressure is to tend to 
make Sb like other metals, and in fact at 12,000 kg./cm.* and 
75® the resistance has become greater across the cleavage 
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plane than parallel to it, while at a temperature lower than 
75® a somewhat higher pressure would be necessary to bring 
about this reversal. This reversal involves a great difference 
of pressure coefficient in different directions. Parallel to the 
basal plane the effect of pressure depends to a great extent on 
the temperature; at 30° resistance increases Unearly with 
pressure by a comparatively small amount, while at 75° 
resistance at first increases slightly with the normal direction 
of curvature, but presently the direction of curvature re- 
verses, and between 10,000 and 11,000 the resistance passes 
through a maximum, and then falls. This is the only known 
case of a maximum, and also nearly the only case of abnormal 
curvature. Perpendicular to the basal plane, on the other 
hand, resistance increases with pressure at both 30° and 75®, 
and with the normal direction of curvature over the entire 
pressure range. The mean coefficient at 30° for this orienta- 
tion is 2 -So X10-*. 

Sb is also unusual in that there is considerable variation 
of temperature coefficient with direction, the average coeffi- 
cient o°-ioo° for flow across the basal plane being 0-0048, 
and for parallel flow 0-0057. 

No measurements have yet been made on liquid Sb. 

Arsenic, next in the chemical series above Bi and Sb, 
might be expected to show similar abnormalities. My 
measurements on As (B. unpublished) are entirely preliminary 
in character, but enough has been done to show that As is 
also abnormal. It is highly crystalline in properties, and 
therefore measurements on single crystals are demanded; I 
have not yet succeeded in getting single crystals of this of 
suitable dimensions. Arsenic is different from Bi and Sb in 
that there is a second modification stable at high pressures, 
the transition pressure at room temperature being in the 
neighbourhood of 5500 kg./cm.*. This modification of As 
may be the analogue of the high-pressure modification of 
Bi, which has been suspected by analogy with water because 
of the abnormal expansion of Bi on freezing, but which has 
never been found. The results on As at pressure above the 
transition pressure were irregular. The probable interpre- 
tation of the results, for which the detailed paper must be 
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consulted, is that the pressure coefficient of resistance may 
be positive for some directions in the single crystal and 
negative for others, a possibility entirely consistent with the 
behaviour of Sb at high pressures. The compressibility 
measurements on the low-pressure modification indicated 
that the compressibihty varies greatly with direction, so 
that variations in the pressure coefficient of resistance are 
not to be wondered at. It was not possible to get significant 
measurements of the effect of pressure on the resistance of 
the high-pressure modification. There is evidently room for 
much further work with As. 

Above As in the periodic table is vanadium; the pressure 
effect on the resistance of this has not yet been measured. 
Above V is phosphorus. The yellow and red modifications 
of P are non-conductors of electricity, but the black modi- 
fication is a conductor of approximately the goodness of 
graphite. The effect of pressure on its resistance has been 
studied. Black P is anomalous in the enormous magnitude 
of the effect of pressure; resistance is decreased by pressure, 
but the magnitude of the effect is quite without parallel 
in that at o° the resistance at 12,000 kg./cm.* is less than 
3 per cent, of its value at atmospheric pressure. There is no 
irregularity whatever in the behaviour of this substance, but 
resistance is a smooth single-valued function of both tem- 
perature and pressure. The direction of curvature of resist- 
ance against pressure is normal, as indeed it must be if the 
curve is not to have a point of inflection. The specific 
resistance of this substance at 0° at atmospheric pressure 
is 1*00 ohm per cm. cube, and 3 x iO“* at o® at 12,000 kg./cm.*. 
The effect of pressure is thus to push the order of magnitude 
of the resistance toward that of metals, but metallic resistance 
is still far from reached, the resistance of metallic mercury, 
for example, being in the neighbourhood of 10-*. The 
approach toward metallic resistance increases at a somewhat 
accelerated pace as pressure increases; at 0° the first 6000 
kg./cm.* decreases the resistance to 20-4 per cent, of its initial 
value, and the second 6000 produces a further decrease to 
I4-5 per cent, of the resistance at 6000. The non-metallic 
character of the resistance under ordinary conditions is ftir- 
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ther shown by the temperature coefficient, which is nega- 
tive. Here again pressure tends to produce a displacement 
toward the behaviour of metals; at atmospheric pressure an 
increase of temperature from o° to loo® reduces the resistance 
to 0-420 of its value at 0°, whereas at 12,000 kg./cm.* the 
corresponding reduction is only 0-704. 

We thus see that the four members of the fifth column of 
the periodic table, Bi, Sb, As, and P are highly anomalous 
in the effect of pressure on resistance. The alternate members 
of the column, Cb, Pr, and Ta do not seem to have any 
special distinction. 

In the sixth column, perhaps Se should be called an 
abnormal element. It has been measured by Mont 4 n “ to 
3000 kg./cm.*, who found an enormous decrease of resistance 
to from 0-005 fo of its initial value. However, the pheno- 
mena in Se are known to be very much complicated by the 
existence of two or more solid phases, which may be present 
in varying proportions. Mont^n found a very large per- 
manent decrease of resistance after his experiments, the final 
resistance varying from 0-5 to 0-2 of the initial resist- 
ance, so that it is obvious that he was not dealing with a 
single well-defined substance, and the results are difficult 
to interpret. 

The fourth column in the periodic table contains several 
abnormal substances. C is difficult to get in a state of satis- 
factory purity, and my results can be regarded only as 
preliminary. In the amorphous condition, as arc carbon, 
the resistance was found to decrease under pressure. Two 
samples of graphite, on the other hand, one the Acheson 
graphite of commerce, and the second a piece of specially 
pure graphite made in the research laboratory of the Acheson 
Co., both showed an increase of resistance under pressure. 
The two specimens gave different results, the first increasing 
in resistance by about 4-5 per cent, for 12,000 kg./cm.*, and 
the second by about 2 per cent. Experiments should be made 
on single crystals of graphite. Si, under C in the fourth 
column, is apparently normal, with a negative pressure 
coefficient of —12 xio-*. However, the purity of the sample 
of Si was probably not very high. Ti, under Si, was available 
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only in a piece of inconvenient dimensions, and probably of 
inferior purity. The effect of pressure on this was very small 
and probably positive, but there is no reason to think that 
the effect of pressure on the pure metal may not be negative. 
The only other element in this column which has been 
measured having any claim to abnormality is Ce. Ce has a 
second modification at high pressures, the transition pressure 
being about 7600 kg. at 30° and 9400 at 75°. The resistance 
of the low-pressure modification is abnormal in that it 
increases with pressure; the increase is linear with pres- 
sure within the experimental error, with the coefficient 
+4-42 X10-* at 30° and -f-2-77 xio-* at 75“. The variation 
of the pressure coefficient with temperature is larger than 
usual. The high-pressure modification is normal, with a 
pressure coefficient of about —14x10-*. The abnormalities 
of the low-pressure modification are not confined to the 
resistance, but the compressibiUty is also abnormal, both in 
respect to its variation with pressure, becoming greater at 
higher pressures, and its temperature variation. 

In the third column the only element measured that has 
any claim to abnormality is Ga; here the abnormality lies 
not in the behaviour of the resistance, but in the fact that Ga 
is one of the few substances whose liquid is denser than the 
solid, so that the melting temperature falls with rising 
pressure. In spite of this abnormality in the volume, indi- 
cating some unusual feature in the lattice structure of the 
solid, the resistance of both solid and liquid behaves regularly 
in that both the sign and the direction of curvature are 
normal. The initial pressure coefficient of the solid at o® is 
— 2*5 XIO-*, and that of the liquid at 30° is —6-5x10-*. 
It is normal for the effect of pressure to be greater on the 
liquid than on the solid phase, but so large a difference is 
perhaps unusual. 

In the second column there are several abnormal elements. 
Be, the first member of the column, was expected to be 
abnormal because of its chemical proximity to other elements 
which are abnormal, but this did not turn out to be the case. 
Ca, the third element in the column, is abnormal in that the 
resistance increases with pressure. At 0° the average pressure 
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coefficient to 12,000 kg. is 4-12-9 xio~*. The curvature is 
also in the normal direction — that is, resistance increases at 
an accelerated pace at the higher pressures. The effect of 
temperature is about as usual; the mean temperature coeffi- 
cient between o® and 100® decreases from 0-00333 at atmo- 
spheric pressure to 0-00311 at 12,000, a decrease not large, 
but still perhaps somewhat larger than usual. 

Sr, the next alkali earth below Ca, has a very large positive 
pressure coefficient of resistance, in fact the largest yet 
observed, the effect of 12,000 kg./cm.* at o® being to increase 
the resistance by 81-6 per cent. The direction of curvature 
is normal, the same as that of Ca. There is an unusually 
large change of pressure coefficient with temperature; the 
mean temperature coefficient o®-ioo® is 0-00383 at atmo- 
spheric pressure and 0-00275 at 12,000 kg./cm.*. The tem- 
perature variation takes the form of an unusually rapid drop 
of the initial pressure coefficient with rising temperature, so 
that it is not at all unlikely that at some temperature above 
200® the initial pressure coefficient of resistance may be 
negative instead of positive; this would involve the pheno- 
menon of a minimum of resistance with pressure above this 
temperature. The same sort of thing is shown by Ca, but 
to a very much less extent, so that the temperature at which 
the minimum might be expected is very much higher. 

Ba is the next alkali earth below Sr. I expected a record- 
breaking positive coefficient, judging from the sequence 
Ca — Sr. Ba is not easy to obtain in a state of high purity 
as a massive metal, and it was only after several years of 
watchful waiting that I was fortunate enough to obtain a 
specimen of high purity from Dr. A. J. King of Syracuse 
University. My disgust can be imagined when my first 
measurements showed a decrease of resistance with pressure. 
I was then and there nearly cured of the temptation to attempt 
to predict the effect of pressure on the resistance of a metal 
from its position in the periodic table. However, Ba soon 
atoned for itself by showing the most interesting pheno- 
menon of a minimum of resistance with pressure. At o® 
this minimum occurs at 8100 kg./cm.* and at 75® at 9600 
kg./cm.*. The scale of resistance changes is not great com- 
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pared with either Ca or Sr; at o® the resistance at the mini- 
mum is 0-9764. The effect of temperature is such that a 
temperature coefficient of 0-00584 at atmospheric pressure 
drops to 0-00527 at 12,000 kg./cm.*. 

In the first column of the periodic table is the group of 
five alkali metals; these have been long known to stand 
apart from the other elements by many properties, such as 
high atomic volume and high compressibility, the element 
Cs, for example, being considerably more compressible than 
water. It would be natural to expect unusual effects of 
pressure on resistance. The first measurements of the effect 
of pressure on resistance were made on Na and disclosed only 
an unusually large decrease of resistance, a fact in line with 
the high compressibility. Measurements on K next showed 
an even larger decrease, which was not surprising in view of 
the still larger compressibility of K. Then Li was tried, 
and it was found unexpectedly, in view of the negative effects 
already found, that its resistance increases under pressure. 
The direction of curvature was normal, and the pressure 
coefficient is nearly independent of temperature. The 
average coefficient to 12,000 is +7-7x10-*, and the initial 
coefficient is about 10 per cent, less than this. The coefficient 
of liquid Li was then investigated. For this a special tech- 
nique was necessary, because of the great chemical activity 
of liquid Li. The method finally used was to enclose the 
liquid Li in a thin-walled capillary of a high-resistance 
Fe — Ni — Co alloy, and to measure the resistance of the capillary 
and Li together under pressure, and then correct for the effect 
of pressure on the resistance of the capillary, determined 
by separate experiment. The resistance of the liquid was 
found also to increase under pressure, the coefficient being 
4-9-27 X io~*, independent of pressure and temperature 
within the limits of error, which were less than i per cent. 
The effect on the liquid is thus greater than on the solid, 
which is in line with its greater compressibility. It is evident 
that the mechanism of the positive pressure coefficient must 
be different in Li from what it is in Bi, in that in the latter 
it is connected in some way with the lattice structure, and 
reverses sign when the solid melts, whereas in Li the coefficient 
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is positive in both liquid and solid, and is larger in the 
liquid. 

Cs was the next of the alkalies examined. There were at 
first difficulties of technique. In measuring the electrical 
properties of the alkali metals it has become the custom, 
because of their great chemical activity, to operate on them 
while enclosed in glass capillaries. \^en a solid metal is 
treated in this way there are apt to be serious internal strains 
developed because of unequal distortion of the metal and the 
glass. This turned out to be an important source of error 
in previous measurements of the temperature coefficient of 
resistance at atmospheric pressure of the alkali metals, but 
when the attempt was made to measure the pressure coeffi- 
cient of resistance of these metals enclosed in glass capillaries 
the error proved to be so much greater as to be prohibitive. 
This made it necessary to work with bare wires of the alkali 
metals; these were formed by extrusion, the terminals were 
attached to them by threading fine wires of Ag through 
them, great care being necessary in the handling because of 
the mechanical softness and the chemical activity. The 
difficulties with Cs were greater than with the others, because 
it is by far the softest of the five metals, and it is also the 
most reactive chemically. There was further difficulty in 
that Cs is difficult to obtain in a state of sufficient purity. 
Cs, and to a less extent Rb, has the unusual property of 
dissolving its own oxide, so that unusual care is necessary 
in its preparation, demanding repeated distillation at the 
lowest possible temperature. The first attempts to measure 
the pressure coefficient of Cs disclosed an anomaly at high 
pressures which was interpreted as meaning a new modifica- 
tion. It was only after repeated attempts that clean-cut 
results could be obtained, and it could be established beyond 
doubt that the high pressure anomaly arose from a rather 
sharp minimum in the resistance at only 4000 kg./cm.*. 
The initial rate of decrease of resistance with pressure is 
greater than for any other measured metal, being at the rate 
of about 22 per cent, for 1000 kg./cm.*, a figure only slightly 
exceeded by black P. But the curvature is so great that at 
4000 kg./cm.* a minimum is reached at a resistance 0-71 of 
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the initial value, and from here it rises at a somewhat slower 
rate, recovering its initial resistance at about 12,000 kg./cm.*. 
The pressure at which the minimum occurs is a function of 
the temperature, being 4000 kg./cm.* at 0° and 5600 kg./cm.*, 
at 100®. Because of the location of the melting curve it was 
not possible to measure the resistance of the liquid metal at 
pressures high enough to reach the minimum, but simple 
extrapolation indicates that without much question the 
liquid will show the effect as well as the solid at temperatures 
above perhaps 140°, and there seems no reason to tUnk that 
the mechanism responsible for the minimum has any essential 
connection with the lattice structure. 

Rb was at first measured to pressures of about 12,000 
kg./cm.*. Its resistance decreases; its initial rate of decrease 
is greater than that of K, but the curvature is greater, so that 
the curves cross between 1000 and 2000 kg./cm.*, and at 
12,000 the resistance of Rb has dropped to 0-36 of its initial 
value, while that of K is 0-27. At this stage of the investiga- 
tion enough data had been gathered so that a single generalisa- 
tion began to stand out. With only one unimportant 
exception for a particular direction in an abnormal crystal, 
the curvature of resistance plotted against pressure was 
always convex toward the pressure axis, whether the resist- 
ance increases or decreases. This, together with the discovery 
of the minimum for Ba and Cs, naturally raised the question 
as to whether the resistance of all metals might not ultimately 
increase with pressure, if pressure could only be raised high 
enough. This meant that all those metals whose resistance 
initially decreases must pass through a minimum. The next 
most promising place to look for such a minimum was evidently 
Rb, because of its high compressibility and its close rela- 
tionship to Cs. An examination of the experimental resiilts 
to 12,000 kg./cm.* indicated that such a minimum was not 
an impossibility within realisable pressures. Accordingly, a 
special apparatus was constructed capable of reaching con- 
siderably higher pressures, and after several attempts a 
minimum was actually found for Rb at a pressure of 17,800 
kg./cm.*, where the resistance at 30° is 0‘3io of its initial 
value. Re-examination of K up to 19,000 kg./cm.* did not 
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give the minimum for it, but a short extrapolation, which 
can be made with considerable confidence by plotting first 
difierences against pressure, indicates with almost certainty 
a minimum near 23,500 kg./cm.*, where the resistance is 
probably 0-175 its initial value. A similar extrapolation of 
new measurements on Na to 19,000 kg./cm.* indicates with 
less certainty, but still with very high probability, a minimum 
near 28,000 kg./cm.*, where the resistance is probably 0-442 
of its initial value. The general conclusion is, therefore, 
that the ultimate behaviour of the five alkali metals at high 
pressures is an increase 
of resistance with pres- 
sure. Judging from the 
behaviour of Cs, the 
chances for another re- 
versal at still higher | 
pressures must be very | 
small. 

It is most tempting to 
extend this generalisa- 
tion to all the other 
metals, and to expect 
that at sufficiently high pi 
pressures the resistance 
of all will increase with 
pressure. This expecta- 
tion receives support from the behaviour of the three metals 
Ca, Sr, and Ba. The behaviour of these is consistent with the 
sort of connection between resistance, pressure, and tempera- 
ture, indicated in fig. 71. The behaviour of different metals 
in the ordinary ranges of pressure and temperature may be 
thought of as given by small blocks cut out from the family 
of curves of the figure in different locations, depending on 
the metal. 

It is interesting to speculate as to the pressures at which 
the minimtun may be expected for other metals. A very 
rough answer is given by extrapolation with the second-degree 
formula which best represents the results within the experi- 
mental range. Of all the metals measured, indium indicates 



G. 71. — The relation between pressure, tem- 
perature, and resistance of all metals (ele- 
ments) yet studied is consistent with a 
family of curves like this. 
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the lowest such pressure, which is about 40,000 kg./cm.*, 
and Tl, Be, and Mg are next, with pressures in the neigh- 
bourhood of 50,000 kg./cm.*. From the known departures 
of the measured results from a second-degree formula, it is 
fairly certain that the pressure of the minimum extrapolated 
from such a formula is too small, so that the chances of 
obtaining the minimum with any of the metals hitherto 
investigated are very small indeed. 

Crystals. Characteristic crystal phenomena are to be 
expected only in the non-cubic metals, a cubic crystal being 
isotropic with respect to resistance. The effect of pressure 
on the resistance of non-cubic metals has been investigated 
in only a few cases: Zn, Cd, Sn, Sb, and Bi. With the 
exception of Sb, the resistance of these metals is always 
greatest across the plane of easiest cleavage — that is, in the 
direction in which the atoms are most separated. The 
compressibility is also greatest across planes of greatest 
atomic separation, this without exception. Thdse differences 
of compressibility may be large, as with Zn, which is seven 
times as compressible perpendicular to the cleavage plane 
as parallel to it, or the difference of compressibility may 
be comparatively unimportant, as in Sn, where the excess 
perpendicular to the cleavage plane is only 12 per cent. 
One might expect differences of pressure coefficient of fesist- 
ance in different directions similar to the differences of 
compressibility and specific resistance. These differences 
do, in fact, exist in the 'normal' metals Zn, Cd, and Sn. 
The pressure coefficient is negative in all directions and 
greatest numerically across the cleavage planes — that is, in 
the direction in which both compressibility and specific 
resistance are greatest. The pressure coefficient in different 
directions for these three metals seems more closely connected 
with compressibility than with specific resistance itself, 
although the variation of pressure coefficient with direction 
is not as great as the variation of compressibility. Thus 
in Zn and Cd, in which the specific resistance does not vary 
greatly with direction, but the linear compressibility varies 
by a factor of 7 or 6 respectively, the pressure coefficient 
of specific resistance varies from —10-87 to —6-65 and from 
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—13*1 to —87 respectively. In Sn, on the other hand, in 
which the compressibility varies by only 12 per cent., although 
there is a variation of specific resistance of 50 per cent., the 
variation of pressure coefficient of resistance is only from 
— 10-96 to —10-28. In these three cases the effect of pressure 
is to tend to wipe out the distinction of different direc- 
tions with respect to resistance. In Bi the behaviour is the 
opposite. Its compressibility perpendicular to the cleavage 
planes is 2-5 times as great as parallel to them, so that at 
high pressures the extra separation of the atoms perpendi- 
cular to the cleavage planes tends to disappear, but never- 
theless the pressure coefficient, which is positive, is three 
times as great perpendicular to the cleavage planes as parallel, 
so that the excess of resistance in the direction of greatest 
atomic separation becomes accentuated at high pressures. 
In fact it has already been stated that the ratio increases 
from 1-275 at atmospheric pressure to 1-48 at 12,000. In Sb 
the resistance is initially anomalously least in the direction 
of greatest atomic separation. The linear compressibility is 
three times greater in this direction than at right angles. 
We have already seen that the effect of pressure is such as 
to make Sb behave like Bi at high pressures. 

Liaoid Metals. Here again the effect of pressure has been 
measured in only a few cases, the difficulty being to combine 
the effect of high pressures and high temperatures. In every 
case, except Li, the liquid decreases in resistance with in- 
creasing pressure. There is in general a striking difference 
between the effect of pressure on the resistance of a liquid and 
a solid metal. The positive pressure coefficient of liquid Li 
is about 33 per cent, greater than the positive pressure 
coefficient of the solid. The negative coefficients of liquid 
Na and K are somewhat greater numerically than the corre- 
sponding coefficients of the solid, and for Rb and Cs the 
sequence is probably reversed, although exact statements 
are difficult here because of the uncertainty of converting 
measured into specific resistance. In Ga the pressure coeffi- 
cient of the solid is of the order of 2-5 times less than that of 
the liquid under comparable conditions, but in merctiry the 
behaviour is reversed, and the pressure coefficient of the 
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solid is numerically greater than that of the liquid. Where 
measurements could be made accurately enough to establish 
the direction of curvature, it was found that the pressure- 
resistance curve of liquids is convex toward the pressure 
axis like that of solids. There is no necessary connection 
between the curvature of the graphs of liquid and solid; 
thus the curvature of the graph for solid Ga is materially 
greater than that for the liquid, while the reverse is true for 
K. The temperature coefficient of resistance of liquid metals 

at atmospheric pressure is not invariably of the order of 

T 

like that of solids, but in a number of cases is very much less. 
One would expect, therefore, greater variation than shown 
by solids in the pressure effect with temperature, or the 
temperature effect with pressure. The data on this point are 
very scanty, but it is known that the temperature coefficient 
of liquid Na decreases more with pressure than does that of 
the solid, whereas the temperature coefficient of liquid Li 
is approximately independent of pressure, and it is not 
improbable that the temperature coefficient of liquid Bi 
increases with rising pressure. 

Summarising with regard to the pressure coefficients of 
liquid metals, it is to be said that although there does not 
seem to be any noteworthy tendency to a single type of 
behaviour, it is nevertheless remarkable that in many cases 
the resistance of the liquid responds more sluggishly to 
changes of pressure than does that of the solid, in that the 
coefficient of the liquid is either less than that of the solid, 
or else its pressure rate of change is less. 

The way in which the relative resistance of solid and liquid 
changes along the melting curve is a matter of considerable 
interest. It will, in the first place, pay to recall the fact, 
already well known, that the direction in which the resistance 
changes when a metal melts is also the direction in which the 
volume changes. If the metal expands on melting, as is 
normal, the specific resistance increases on melting, and if 
the metal expands on freezing, the resistance of the liquid is 
less than that of the soUd. This rule is true without excep- 
tion. Ga and Bi are at present the only metals known in 
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the second class; the data for antimony do not seem to be 
well established. I was able to add Li to the list of sub> 
stances that obey this rule. This is of interest, because of 
the positive pressure coefficient of solid Li. With regard 
to the magnitude of the change of resistance on melting, there 
have been a number of theoretical proposals; the inaccuracy 
of the experimental results has allowed considerable latitude 
here. Thus theoretical considerations have been based on 
the assumption that the ratio of the resistance of the Uquid 
to that of the solid is an integer. There is perhaps a tendency 
for the figures to cluster about the value 2, but it is now 
certain that within the limits of error the ratio is not integral. 

The measurements under pressure bring out a fact that 
could not have been known before, namely, that the ratio of 
the resistance of solid to liquid is approximately a constant 
characteristic of the particular substance, which does not 
change greatly as pressure and temperature are changed along 
the melting curve. We now have the figures for the ratio 
of the resistance of liquid to solid for eight metals along the 
melting curve. For Li the accuracy was not great enough to 
permit more than the statement that the ratio does not 
change greatly in a pressure range of 8000 kg./cm.*. For Na 
the ratio is 1-45 at atmospheric pressure, and has dropped to 
I '36 at 12,000 kg./cm.*; for K the ratio of resistance of liquid 
to solid is I'Sfi at 0 kg., and has dropped only to 1*55 at 
9700 kg./cm.*; for Rb the ratio of resistances drops from 
i-6i2 at o kg. to 1*571 at 3425 kg./cm.*; and for Cs the ratio 
of resistances rises from i*66o at o kg. to 1*695 at 3790 
kg./cm.*. For mercury I determined the ratio of resistance 
of liquid to sohd at the melting-point at 0° and 7640 kg./cm.* 
to be 3*345. I did not make measurements at any other 
temperature, but there are values by other observers. 
Onnes ** finds 4*22, Cailletet and Bouty ** 4*08, and Weber *• 
gives 3*8 as the mean of six determinations, all for the ratio 
at the normal freezing-point at atmospheric pressure. The 
error is so large that it is not possible to say more than that 
the change in the ratio along the melting curve is not large, 
and is probably in the direction of a decrease with increasing 
pressure. The behaviour of the two abnormal metals Bi and 
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Ga is similar. At 7000 kg./cm.* I found the ratio of the 
resistance of Uquid to solid Bi to be 0-45, and at atmospheric 
pressure Northrup and Sherwood found 0-43. The ratio 
is probably constant within the limits of error. For Ga I 
found 0-58 for the ratio at o kg./cm.*, and at 12,000 kg./cm.* 
calculated the ratio to be o-6i. This, again, is probably to 
be regarded as constant within the limits of error. The 
results just given for Hg, Bi, and Ga are probably not as 
significant as for the alkali metals, because of the fact that 
they do not crystalhse in the cubic system, so that very 
different results could be obtained if the melt crystallised as 
a single crystal with different orientations. 

These results, which indicate a characteristic nearly con- 
stant increase of resistance for each metal when the regular 
arrangement of the lattice is replaced by the haphazard 
arrangement of the liquid, should be of some theoretical 
significance. 

Besisiance ol Alloys under Pressure. This subject has been 
barely touched in a systematic way. Scattered through 
the literature there are miscellaneous observations of the 
effect of pressure on the resistance of various alloys, some 
of them made for ulterior purposes because of the utilisation 
of the alloy in some part of the pressure apparatus. Thus 
there are early observations of Chwolson on brass, Lisell, 
Lafay, and Lussana on manganin, Lisell on Pt — Ir and 
German silver, and some observations of my own on two 
commercial Ni — Cr alloys, three commercial Ni — Cr — Fe 
alloys, and a commercial Cu — Mn — A 1 alloy. Practically the 
only systematic work is that of Lisell on three Cu — Mn alloys 
up to 7’5 per cent. Mn; by Beckman on the Cd — Pb and 
Ag — Au series over the entire range of composition, and 
Au — Ni up to 14 per cent. Ni; by Ufford,** with my apparatus, 
on the complete series of Li — Sn, Ca — Pb, and Bi — Sn; by 
Oppenheimer (B. 65, p. 331), with my apparatus, on the 
Cu — Ni series up to 50 per cent. Ni; and by myself on the 
complete Fe — Co and Fe — Ni series. The work done by 
Lisell and Beckman covered a pressure range of 2000 or 
3000 kg./cm.*, and was done at a single temperature; the 
work done with my apparatus covered the regular pressure 
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range of 12,000 kg./cm.*, and in most cases was done at two 
temperatures, giving some information about the temperature 
coefficients under pressure. 

As might be expected, the results are very complicated, and 
few generaUsations can be ventured with the small amount 
of material available. There does, however, seem to be 
one generalisation without present exception. The nature 
of this generalisation is suggested by the observation that 
positive pressure coefficients are much more common with 
the alloys than with pure metals. The early discovery of 
the positive coefficient of manganin is a case in point. Other 
examples are the entire central range of the Fe — Co series, and 
all the Cu — Mn series investigated by Lisell. The generalisa- 
tion is that the initial effect of the addition of a foreign metal 
to any pure metal is to make the pressure coefficient greater 
algebraically. If the pressure coefficient of the pure metal is 
negative, as it usually is, this means that the coefficient of 
the impure metal is less numerically than that of the pure 
metal, a result consistent with all miy experience. The result 
holds even when one of the pure metals has itself a positive 
coefficient. The alloys investigated by Ufford were chosen 
in the endeavour to obtain some Ught on the mechanism 
responsible for the positive pressure coefficient, and it will be 
noticed that in each pair in his three series one metal has a 
positive coefficient. Ufford found the rather surprising result 
that the coefficient of Bi becomes greater on adding small 
quantities of Sn, the coefficient of which by itself is negative. 
The range in which Bi shows this effect is exceedingly narrow, 
the addition of 0-25 per cent, of Sn being sufficient to depress 
the coefficient to less than the value for pure Bi. The same 
phenomena are also shown by Ca and Li, with the difference 
that the range of composition over which the alloy has a 
greater positive coefficient than that of the pure metal is 
very much wider, this range being up to 12 atomic per cent. 
Sn additional to Li, and up to 20 atomic per cent. Pb addi- 
tional to Ca. This of itself rather tends to confirm the 
conclusion that we have already drawn that the mechanism 
of the positive coefficient in Ca and Li is different from that 
in Bi. 
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Going further in general description, one would expect 
specially simple behaviour in those alloys in which the two 
components are not miscible in each other, so that the alloy 
is merely a mechanical mixture of microscopic grains of fixed 
compositions. There are two well-marked examples of this; 
the entire Cd — Pb series of Beckman, and the Sn — Bi series 
of Ufford between 2 or 3 and 90 atoinic per cent, of Sn. In 
each case the pressure coefficient of the intermediate members 
of the series is not far from a linear function in terms of the 
composition of the pressure coefficients of the end members 
of the series. If the components of the alloy form solid 
solutions, however, the coefficient is far from a linear function 
of composition, as other phenomena would suggest. 

A further rough gener^sation may be made, in that there 
is a crude parallelism between the pressure coefficient of 
resistance and the specific resistance; this is particiilarly 
striking for the Fe — Ni alloys. Beckman found that the 
pressure coefficient of the Au — Ni and Au — Ag alloys is a 
linear function of the electrical conductivity over consider- 
able ranges of composition. 

In one respect the behaviour of these alloys is quite under- 
standable from the point of view of wave mechanics. Resist- 
ance, according to ^is picture, is a phenomenon of scattering 
of electron waves. In a perfectly regtilar lattice there is no 
scattering, and hence the resistance Vanishes, but if irregu- 
larities are introduced by temperature agitation or by foreign 
atoms, then the scattering and hence the resistance increases. 
The same qualitative point of view was part of the theory in 
which I had been interested before the development of wave 
mechanics; here resistance was associated with a lack of 
perfect ‘fit’ between adjacent atoms. It is obvious that this 
picture, which associates resistance with irregularities in the 
structure, at once accounts for the fact that in general the 
resistance of an alloy is greater than that of either of its pure 
components. It goes further than this, and accounts for the 
algebraic increase of pressure coefficient when a foreign 
metal is added to a pure metal. This is a purely geometrical 
matter. At low pressures, a fair qualitative picture of various 
pressure phenomena is given by supposing that the atoms 
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are relatively undeformable, but held apart in positions of 
equilibrium by interatomic forces, and that the first effect of 
an increase of pressure is to decrease the spaces between the 
atoms, so that they are pushed more or less into contact, 
with the result that at low pressures the deformability of the 
atoms plays a relatively less important part than at high 
pressures. Now imagine a lattice of a pure metal in which 
the volume of the atoms is perhaps 75 per cent, of the total 
volume, and that of the free interatomic space 25 per cent. 
Replace some of these atoms by the atoms of another metal, 
with perhaps 10 per cent, greater volume. Irregularities will 
be introduced into the structure by the foreign atoms, but this 
effect may be comparatively unimportant because of the large 
amount of free space available for mutual adjustment. Now 
apply to the lattice an external pressure sufficient to squeeze 
out part of the free space. The space available for smoothing 
out the irregularities becomes less, and the resistance rises. 
That is, on purely geometrical grounds, pressure tends to 
accentuate the relative irregularities arising from ill-matched 
atoms, and for this reason the pressure coefficient tends to 
become more positive. 

It would appear, therefore, that those aspects of the 
problem of the positive pressure coefficient peculiar to the 
field of alloys can perhaps be understood. It was a dis- 
appointment, however, that the measurements of Ufford on 
alloys of metals with positive coefficients did not throw any 
obvious light on the more fundamental question of why the 
scattering of electron waves in a pure metal may be increased 
by pressure. The only suggested answer to this of which I 
know on the basis of the wave mechanics has been given by 
Houston,^* who associates this effect with an abnormally 
small decrease of compressibility with rising pressure. This 
suggestion failed to stand the test of experiment, however, 
in the case of invar, in which the change of compressibility 
with pressure was in the other direction from that indicated 
by theory. However, this argument is obscured by the fact 
that invar is not a pure metal. 

Each alloy considered alone shows behaviour with respect 
to pressure much like that of the pure metals. The pressure 
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coefficient is not much affected by temperature, and in 
general becomes less at the higher pressures. There are, how- 
ever, a comparatively large number of exceptions to the rule 
that the curve of resistance against pressure is convex toward 
the pressure axis. It will be remembered that the only known 
exception to this rule among the pure elements was the low- 
pressure modification of Ce. Among alloys, Ufford found that 
the curvature of the Bi — Sn alloys up to perhaps 6 per cent. 
Sn is abnormal, and I found the same phenomenon in the 
Fe — Ni series between perhaps 2 per cent, and 45 per cent. 
Ni. This sort of thing is quite consistent with the picture 
presented above. When pressure has pushed the atoms into 
complete contact, the previous accentuation of their lack of 
fit as they are brought closer together will disappear, so that 
we have here an exhaustion of an effect with high pressure, 
and so a law of diminishing returns, instead of the law of 
increasing returns, which appeared so surprising in connection 
with the pure metals. Hence, depending on the relative 
magnitude of the atoms and the free spaces, we may have a 
law either of diminishing or of increasing returns. 

One alloy investigated by Ufford merits special comment, 
the Bi — Sn alloy of 0-53 atomic per cent. Sn. At 0° this alloy 
showed an initial increase of resistance, then a. maximum, 
and finally decrease at 12,000 belqw the initial value. The 
same sequence was found with decreasing pressure, but the 
exact path was not retraced, and the increase at the maximum 
was considerably greater than the increase with increasing 
pressure. The maximum change of resistance was of the 
order of 2 per cent. This sort of behaviour is not surprising 
in alloys in critical ranges of composition. Under ordinary 
conditions Sn is soluble in Bi only up to a certain critical 
amount, and beyond this there is separation into two phases. 
The solubility limit is known to be a function of temperature, 
and it must also be a function of pressure. It is obvious that 
an alloy which at low pressures is stable as a single phase 
may separate into two phases at higher pressures, and that 
because of the slowness of diffusion in the solid state, equili- 
brium will be attained only slowly, and measurements made 
under ordinary conditions will not be single valued. From 
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a detailed study of the pressure-resistance curves Ufford 
inferred that Sn becomes less soluble in Bi as pressure 
increases, but that Bi becomes more soluble in Sn. 

Compounds. There is little to be said on this subject, 
which is practically untouched; there is an enormous field 
here, particularly with regard to intermetallic compounds. 
The only measurements of which I know on compounds with 
metallic conductivity are some unpublished ones that I have 
recently made on TiC and TiN. It has been shown by van 
Arkel ^at the specific resistance of these compounds is of the 
same order of magnitude as that of the metals, and, further- 
more, the temperature coefficient of resistance is positive. 
Up to 12,000 kg./cm.* I found the resistance of both these 
compounds to decrease linearly with pressure, the coefficient 
of TiN being — 9'35xio-* at 30° and —9-97x10-’ at 75°, 
while that of TiC was —1-375 xio-* at 30° and -1-35 X10-* 
at 75°. These figures are of the same magnitude as for many 
metals, so that pressure does not bring out any peculiarities. 

Three non-metallic compounds have been measured: AgS 
by Montdn, and FeS and FegOg by Beckman. These two 
investigators used the same apparatus, and their pressure 
range was about 3000 kg./cm.*. Mont^n found for AgS a 
very large decrease of resistance, at 3000 kg./cm.* and room 
temperature the resistance being 0-0765 of its value at atmo- 
spheric pressure, and at 0° and 3000 kg./cm.* it was 0-0589 
of its initial value. There was, of course, great curvature 
in the relation between pressure and resistance. Beckman 
found the resistance of FeS to decrease, but the decrease 
was comparatively small, and approximately linear with 
pressure, the mean value for the coefficient being -2-2 x lo-*. 
FejOg was investigated in directions perpendicular and 
parallel to the trigonal axis; in both directions the resist- 
ance decreases linearly with pressure by small and some- 
what different amounts, the coefficients being approximately 
—6-7 XIO-* perpendicular, and —8-2 xio-* parallel. 
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CHAPTER X 


EFFECT OF PRESSURE ON THERMO-ELECTRIC 
PROPERTIES 

In 1891, Des Coudres ^ showed that the thermo-electric 
quality of mercury is affected by pressure. His apparatus 
was a simple arrangement of glass tubes, and pressures up to 
two atmospheres were obtained from the head of mercury in 
the tubes. He found that a thermo-couple consisting of one 
branch of mercury at a pressure of two atmospheres and the 
other at one atmosphere has an e.m.f. of 4-4 x lO”^® volts per 
degree temperature difference between the junctions, driving 
the current from uncompressed to compressed mercury at the 
hot junction. In 1902 Agricola * extended the work of Des 
Coudres over the pressure range of 100 kg./cm.* and for 
the temperature range 0° to 100°. In this range the effect 
was linear with pressure and temperature, and practically 
the same coefficient was found as by Des Coudres. Agricola 
also investigated various dilute amalgams. . Additions up to 
2 per cent, of Sn, Cd, Sb, and Bi were found to make no 
appreciable difference in the behaviour, but similar additions 
of Zn, K, and Na increased the effect threefold. In 1908 
Wagner * published investigations on fifteen metals and several 
alloys between 0° and 100° and up to 300 kg./cm.* pressure. 
The effects were linear in this range. For solids the magni- 
tude of the effect is much smaller than for liquid mercury, 
and is roughly of the order of 5 x io~^* volts per degree C. per 
kg./cm.*. Wagner drew various conclusions from his measure- 
ments as to the untenability of the classical electron theory 
of metals. Hdrig * in 1909 investigated liquid mercury and 
the Na — K eutectic to 1400 kg./cm.* and 150®. He found the 
effect of pressure on both substances to be linear, and practi- 
cally the same on both, 2-37 and 2*32x10"*® respectively. 
The figure found for Hg is thus somewhat larger than that 
V 205 
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found by Agricola or Des Coudres, but the difference is 
probably not significant in view of the magnitude of the 
experimental error. Siegel * in 1912 extended the tempera- 
ture range to 400° in order to determine the effect on liquid 
Bi and Sn, but this extension of temperature range demanded 
the low-pressure range of only 50 kg./cm.*. He was unable 
to establish any effect on liquid Bi and Sn, but did show that 
if it exists it is less than 2 per cent, of the effect on Hg. 
This is of the same order as the effect found by Wagner for 
solid metals, so that the presumption is that the pressure effect 
does not differ greatly on liquid and solid metals. Siegel 
was able to show that the effect on Hg somewhat more than 
doubles as temperature rises from 20° to 350°. 

In 1918 I published (B. 29) an investigation of the effect of 
pressure on the thermo-electric quality of eighteen pure 
metals and two alloys for the temperature range 0° to 100° C. 
and the pressure range up to 12,000 kg./cm.*. This extension 
of range proved to give essentially new information, because 
the effects for a number of metals are very far indeed from 
linear with pressure. The extension of range also made it 
possible, by allowing first and second differentiation with 
respect to temperature, to separate the total thermo-electric 
effect into the parts contributed by the Peltier heat and the 
Thomson heat, and so to find how each of these vary with 
pressure, which had not been possible with the results for a 
narrower range. 

The method was a differential method much like that used 
by Wagner, as distinguished from that of Horig, for example. 
Hdrig’s couple was composed of two different metals, one the 
metal to be investigated, and the other a standard metal, Pt 
for example, kept the same in all the experiments. The 
entire couple as exposed to hydrostatic pressure and the 
thermal e.m.f. for a given difference of temperature between 
the junctions measured with and without pressure. The 
difference, after a correction for the effect of pressure on Pt 
which had to be taken from Wagner's work, gave the effect 
of pressure on the unknown metal; In the method of Hdrig, 
therefore, the effect sought is the difference between two 
comparatively large effects. The effect of pressure may be 
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directly measured by making both arms of the couple of the 
same metal, and subjecting the one to pressure and leaving 
the other free. If the two junctions between compressed and 
uncompressed metal are maintained at different temperatures, 
a thermal e.m.f. will be developed, 
just as if the couple were made in the 
ordinary way of two different metals, 
and, furthermore, the thermal e.m.f. 
of such a couple obviously gives 
directly the effect sought. 

The experimental arrangements 
are indicated schematically in fig. 72. 

The two branches of the couple are 
the lengths of wire reaching from A 
to B and from C to D. The length 
AB is stretched through the connect- 
ing pipe between two pressure cyhn- 
ders, and is exposed to hydrostatic 
pressure over its entire length. The 
cylinders at the two ends of AB are 
. maintained at two different tempera- 
tures Ti and T, by two thermostated 
baths. The lower bath is kept at a 
constant temperature of 0° and the 
upper bath may vary from 20° to 
100°. The other branch of the couple 
CD runs at atmospheric pressure 
between the same two temperature 
baths. The terminals of AB and CD 
are connected in the upper bath with 
the measuring device, indicated by 
P and G in the figure to suggest a potentiometer and a galvario- 
meter. It is not necessary to describe here the details of the 
electrical measuring apparatus. By taking all the precautions 
conventional in thermo-electric measurements, readings sensi- 
tive to 10-* volts could be made, with an accuracy not greatly 
less than this. The most essential precaution is that all parts 
of the circuit where there are dissimilar metals, as there must 
necessarily be in getting the leads into and out of the pressure 



Fig. 72. — Diagram of elec- 
trical circuits for deter- 
mining effect of pressure 
on thermal e.m.f. 
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cylinders, and all parts where there are stress gradients, 
must be as closely as possible at uniform temperature. This 
requirement was easily met in the lower ice-bath by rapid 
stirring; in the upper cylinder, which might rise to ioo“, 
the requirement was more difficult, and the arrangement 
shown in fig. 72, in which the part of the couple reaching 
from F to E is of the same metal as AB, was adopted to 
minimise as much as possible the effect of slight fluctuations 
in the bath temperature, by surrounding the sensitive parts 
by heavy masses of metal. 

The sign conventions are as follows; The thermal e.m.f. 
of the 'pressure couple,’ that is a couple composed of com- 
pressed and uncompressed metal with junctions at different 
temperatures, is called positive if the ordinary positive 
current flows from uncompressed to compressed metal at the 
hot junction. The ‘pressure’ Peltier heat is called positive if 
heat is absorbed from the surroundings when positive current 
flows from uncompressed to compressed metal. The ‘pres- 
sure ’ Thomson heat is positive if the amount of heat absorbed 
by positive current in flowing from cold to hot is greater in 
the compressed than in the uncompressed metal. 

In the extended paper full details of the results are given ; 
for each metal a table is given of the thermal e.m.f. of the 
pressure couple for 10° temperature intervals and 2000 
kg./cm.* pressure intervals, and tables also of the pressure 
Peltier heat and the pressure Thomson heat for 20° tempera- 
ture intervals and 2000 kg./cm.* pressure intervals. The 
data of the tables are also plotted in diagrams. The thermal 
e.m.f. of the uncompressed metal at atmospheric pressure 
against lead is also given between 0° and 100°, and also the 
Peltier and Thomson heats against lead obtained by differ- 
entiation of the power series in temperature for the thermal 
e.m.f. The following metals were measured : Sn, Tl, Cd, 
Pb, Zn, Mg, Al, Ag, Au, Cu, Ni, Co, Fe, Pd, Pt, Mo, W, Bi, 
constantan, and manganin. A brief summary of the results 
is given here in Table XVI, abstracted from the summary in 
Smithsonian Tables, in which the thermal e.m.f. of ‘ pressure ’ 
couples of various metals is tabulated for wide intervals of 
pressure and temperature. 
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TABLE XVr 

T.E.M.F. OF ‘ Pressure Couples ’ of Various Metals 
Signs positive, unless marked negative. 


T.E.M.F., volts X 10* 


Metal 

2000 kg. 

4000 kg. 

8000 kg. 

12,000 kg. 


50 - 

100® 

50® 

100® 

50® 

100® 

20® 

50® 

100® 

Bismuth 

53,000 

85,000 

110,000 

185,000 

255,000 

425,000 

185,000 

452,000 

710,000 

Zinc 

b,200 

14,100 

13,000 

9,380 

28,500 

26,100 

58,100 

14,400 

38,500 

87,400 

Thallium 

4,930 

10,870 

20,290 

17,170 

37,630 

8,780 

23,750 

52,460 

Cadmium * 

2,040 

7,120 

4,620 

14,380 

10,960 

28,740 

6,680 

19,180 

45,560 

Constantan 

2,850 

5,950 

5,800 

11,810 

11,530 

23.790 

6,750 

17,200 

35,470 

Palladium 

2,190 

4,380 

4,400 

8,800 

8,630 

17,690 

5,090 

12,970 

26,520 

Platinum 

1,810 

^.600 

3,600 j 
2,360 j 

7,310 

7,370 

14.350 

3,880 

11,030 

21,570 

Tungsten 

1,190 

2,530 1 

4,990 

4,690 

10,120 

2,700 

7,050 

15,140 

Nickel 

700 

1,680 

1,500 

3,400 

3,230 

7,190 

1,880 

5,140 

11,440 

Silver 

840 

1,870 

1,720 

3,720 

3,350 

7,190 

1,900 

4,950 

10,560 

Iron 

390 

1 1,670 

590 

3,250 

5,300 

5,820 

—990 

220 

7,680 

Lead 

460 

1 1,050 

920 

2,120 

1,860 

4,210 

880 

281 

6,330 

Gold 

456 

i 1,052 

905 

2,051 

1,791 

3,974 

990 

2,627 

5,760 

Copper 

292 

1 584 

580 

1,216 

1,124 

2,420 

596 

1,616 

3,546 

Aluminium 

— 70 

lOI 

— 91 

294 

32 

929 

— 68 

312 

1,962 

Molybdenum 

93 

140 

187 

278 

375 

555 

146 

562 

833 

Tin 

38 

87 

58 

165 

70 

! 292 

—182 

! 10 

390 

Manganin 

—123 

—232 

—242 

—452 

-489 

—894 

—308 

1 

: -1.314 

Magnesium 

- 84 

—167 

—181 

■—362 

■ —395 

—791 

1 —259 

—648 

—1,296 

Cobalt 

1 -156 

-348 

-316 

—692 

1 

—430 

—1,360 

—352 

I —937 

— 2,061 


• Not comparable with ordinary Cd because of effect of pressure transitions, 
See p. 235. 


Some of the substances show complicated effects. Two 
t3rpical examples are reproduced. In fig. 73 is shown the 
thermal e.m.f. of a ‘pressure’ couple of Ag, which is perfectly 
regular, and in fig. 74 are the corresponding data for Fe, which 
are seen to be highly complicated. 

It should be said that these pressure effects are apparently 
truly characteristic of the metal, and are not due to chance 
fluctuations in the quality or treatment of the metal, as other 
thermo-electric effects might lead one to fear. A proof of 
this is given by the fact that in those cases where the relation 
is linear, my coefficients agree suprisingly well with those of 
Wagner over his pressure range of 300 kg./cm.*, and in cases 
like Fe, where there is great complication, the results can 
nevertheless be repeated rather well on replacing one sample 
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of the metal by another, even when the different samples 
are known not to be of the same purity. This pressure effect 
is, therefore, not sensitive to impurity. On the other hand. 



Fig. 73, — Thermal e.m.f. of a ‘ pressure couple ’ of silver as a function 
of pressure and temperature. 


the effect of tension on thermo-electric quality is highly 
variable, and it is most difficult to get reproducible results 
and therefore to be sure that any such results are truly 
characteristic of the metal. 

Only a rough summary can be attempted with results so 
complicated. Superposed on a bewildering mass of small 
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scale complexity there are a few broad generalisations 
possible. The normal pressure effect turns out to be positive ; 
that is, in a pressure couple the current normally flows from 
uncompressed metal to compressed at the hot junction. 
There are only three out of twenty cases, manganin. Mg, and 



Pure Iron Annealed 

Fig. 74. — Thermal e.m.f. of a ’ pressure couple ' of iron as a function of 
pressure and temperature. 


Co, in which the effect is negative over the entire range of 
pressure and temperature, and only three other metals, 
Fe, Al, and Sn, for which the effect is negative over any part 
of the range. The range of maximum values (that is, for 
100° temperature difference and 12,000 kg. pressure difference) 
is from 710 xio~® volts for Bi to —20-6 xio-* for Co. The 
normal ‘pressure’ Peltier heat is also positive — that is, heat 
is absorbed by the current in flowing from uncompressed to 
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compressed metal. There are only four metals with negative 
pressure Peltier heat in part or the whole of the range, 
namely, manganin, Sn, Mg, and Co. The range of maximum 
values is from 2960x10“* for Bi to — 90-5x10-* for Co, 
measured in joules per coulomb. Purely as a mnemonic 
device, it may be mentioned that the predominantly positive 
sign for the pressure Peltier heat is what would be suggested 
by the classical electron picture ; the positive sign means 
that the electrons absorb heat in flowing from the compressed 
to uncompressed metal. That is, as the electron gas expands 
in flowing from compressed to uncompressed metal it has to 
absorb heat to maintain itself isothermal, just like an ordinary 
gas. Further imphcations of the classical electron picture, 
however, cannot be carried through in detail, as was brought 
out clearly in Wagner’s discussion. 

The ‘pressure’ Thomson heat is also usually positive, 
Co, Fe, and Bi being the only negative cases. The range of 
values is from 220x10-* for Zn to —280x10-* for Bi, 
expressed in joules per coulomb per degree Centigrade. 

When we try to correlate the thermo-electric behaviour 
under pressure with other properties of the metal we find 
complete lack of connection. In Table XVII the metals are 
arranged in a number of columns, in each column the order 
being the order of relative magnitude of the property standing 
at the head of the column. In the first place, the effect of 
pressure on thermal e.m.f. is not greatest for the most com- 
pressible metals, as we might expect, but the effect is appar- 
ently quite independent of the compressibihty. Compare, 
for example, the positions of Pb and Mg in the compressibility 
column with their positions in the pressure e.m.f. column. 
Furthermore, there is very httle connection between the 
pressure effects on thermal e.m.f. and on resistance. This 
can be seen on noting further that the effect of pressure on 
resistance runs approximately parallel to its effect on 
volume. The conclusion suggests itself that there is no 
close connection between the mechanism which determines 
the thermo-electric behaviour of a metal and its electri- 
cal resistance. This is further borne out by the lack of 
parallelism between the columns of pressure effect on 
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resistance with those of pressure effect on Thomson and 
Peltier heat. 


TABLE XVII 

The Metals in Order of Decreasing Numerical Magnitudes 
OF Various Properties 

The horizontal bars in some columns show where the effect changes sign. 


Compressi- 

bility 

Specific 

resist- 

ance 

Temp, 
coeff. of 
rests. 
o®*-ioo® 
at 0 kg. 

Thomson 

heat 

at 0 ** and 
0 kg. 

Peltier heat 
against Pb 
at 0 ® and 

0 kg. 

Pressure 
effect 
on resist- 
ance 

Pressure 

effect 

on 

E.M.F. 

Pressure 
effect on 
Peltier 
beat 

Pressure 
effect on 
Thomson 
beat 

Bi 

T1 

Pb 

Cd 

Sn 

Zn 

A1 

Ag 

Man 

Cu 

Cons 

Fc 

Au 

Co 

Ni 

Pd 

Mo 

Pt 

W 

Bi 

Cons 

Man 

Pb 

T1 

Fe 

Ni 

Sn 

Pt 

Pd 

Co 

Cd 

Zn 

W 

Mg 

Mo 

A1 

Au 

Cu 

Ag 

Fe 

T1 

Ni 

Sn 

Bi 

A1 

Mo 

Cu 

Cd 

Pb 

Zn 

Ag 

Au 

Mg 

Pt 

Co 

W 

Pd 

Cons 

Man 

Cd 

Mo 

W 

Bi 

Cu 

Au 

Ag 

Man 

A1 

Mg 

Pb 

Sn 

T1 

Zn 

Fe 

Pt 

Pd 

Ni 

Co 

Cons 

Fc 

Cd 

Mo 

Zn 

Au 

Cu 

Ag 

T1 

W 

Man 

Sn 

Pb 

Mg 

A1 

Pt 

Pd 

Co 

Ni 

Cons 

Bi 

I 

Pb 

T1 

Sn 

Cd 

Mg 

Zn 

A1 

A® 

Au 

Fe 

Pd 

Pt 

Cu 

Ni 

Mo 

W 

Co 

Bi 

Zn 

T1 

Cd 

Cons 

Pd 

Pt 

W 

Ni 

Fc 

Pb 

Au 

Cu 

A1 

Mo 

Sn 

Bi 

Zn 

T1 

Cd 

Cons 

Pd 

Pt 

W 

Ni 

Fe 

Pb 

Au 

A1 

Cu 

Mo 

Man 

Sn 

«« 

Co 

Zn 

Pt 

Cd 

T1 

Sn 

Pb 

A1 

W 

Cons 

Ni 

Mo 

Au 

Cu 

Man 

Mg 

Cons 

Man 

Bi 

Man 

Mg 

Co 

Co 

Fe 

Bi 


There is almost exact parallelism between the columns of 
pressure effect on e.m.f. and on Peltier heat ; these two 
columns differ by only two single inversions, A1 with Cu, 
and manganin with Sn. This means that nearly all the total 
e.m.f. in a pressure couple is provided by the difference of 
Peltier heat at the hot and cold junctions, and comparatively 
little by the effect of pressure on Thomson heat. Expressed 
otherwise, this means that the relation between e.m.f. and 
temperature at constant pressure is in most cases approxi- 
mately linear. 

The columns of pressure effect on Peltier and Thomson 
heats are not obviously related. Most striking is the trans- 
position of Bi from the head of one column to the bottom of 
the other ; the pressure effect on Peltier heat of Bi is the 
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maximum positive, and on the Thomson heat the maximum 
negative. One draws the conclusion that the Thomson heat 
mechanism and the Peltier heat mechanism are not closely 
related. The pressure effect on Thomson heat inclines to 
show parallelism to the pressure effect on resistance. 

The thermo-electric behaviour at atmospheric pressure 
(Peltier heat against lead and Thomson heat) also shows little 
toect connection with the pressure effects. There is no 
obvious connection with other columns ; the thermo-electric 
mechanism seems to stand in a class by itself. 

The magnitude of the pressure Thomson heat compared 
with the total Thomson heat under atmospheric conditions 
is of interest. The relative effect of pressure on the properties 
of most solids is small ; for example, the maximum effect on 
resistance was 14 per cent, for lead, and the effect on volume 
is only a few per cent. We would expect a similar state of 
affairs with the Thomson heat. This proves to be true, 
except for the anomalous metals. The maximum pressure 
Thomson heats of Al, Bi, Fe, Sn, and Zn are all of the order 
of magnitude of the whole Thomson heat under atmospheric 
conditions, but the other metals show the smallness of the 
effect to be expected. Lead needs special mention. It is 
usually assumed on the basis of Kelvin’s work that the Thom- 
son heat of lead is zero under normal conditions. However, 
the pressure Thomson heat for lead is of the same magnitude 
as that of other metals, being twice that of Ag, for example. 
This suggests that the Thomson heat mechanism of lead 
really has nothing unusual about it, but that the vanishing 
at atmospheric pressure is either a fortuitous restilt, or even 
that more accurate measurements may show that it is not 
exactly zero. 

So far we have considered the effects only in broad outline, 
but when we come to consider the detailed variations with 
pressure and temperature we find great complexity. The 
normal behaviour of e.m.f. is a regular rise with pressure 
and temperature, the slope of the e.m.f. curves at constant 
temperature increasing with rising pressure. Fe, Al, and Sn 
are examples of complicated variations of e.m.f. with pressure 
and temperature, and there are also other examples where the 
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slope at constant pressure may decrease with rising tempera- 
ture, or the slope at constant temperature may increase with 
rising pressure. As for the detail of the variation of Peltier 
or Thomson heat with pressure and temperature, so many 
different types are presented that it is useless to try to 
enumerate them. 

There is, however, one feature of perhaps sufficient signifi- 
cance to justify mention here, namely, that the effects with 
Zn and Cd were very irregular ; equilibrium after every 
change of pressure was set up only after a long time, and there 
were important hysteresis effects. None of the other metals 
showed these effects. Wagner also in his pressure range of 
300 kg. found Zn and Cd unique in the length of time required 
to reach equilibrium after changes of pressure. I believe 
that an adequate explanation of these effects can be found in 
the very large differences of linear compressibility in different 
directions of single crystals of Zn and Cd, the compressibility 
along the axis being nearly six times as great as perpendicular. 
In a haphazard aggregate of small crystals the effect of 
hydrostatic pressure would therefore be to introduce large 
internal strains, which will give rise to time effects if they 
exceed the local elastic limit. This effect will not be shown 
at all by the cubic metals, which constituted the large majority 
of those investigated. Of the others, Mg, although hexagonal, 
has practically the same compressibility in all directions, 
and Sn also, which is tetragonal, has nearly the same 
compressibility in all directions. Thallium has not been 
investigated in the single crystal form. On the basis of this 
explanation the expectation is, therefore, that the effects 
will be by far the most irregular in Zn and Cd, which agrees 
with the facts. 

The unexpected complications make results disappointingly 
meagre in their suggestions as to the nature of the thermo- 
electric mechanism. The conclusions are mostly negative in 
character ; the most unmistakable inferences may be drawn 
as to the untenabiUty of the old gas-free electron theory of 
metals, but this is not surprising enough to be worth the 
trouble of extending the pressure range to 12,000 kg./cm.* and, 
furthermore, the same inference was made years ago by 
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Wagner from his data up to 300 kg./cm.*. Further than this, 
the results suggest most strongly that the thermo-electric 
mechanism must be comparatively complicated, that it can- 
not be at aU of the simplicity imagined in the free electron 
theory, and that most likely the effects which we measure are 
the resultant of different effects which sometimes, at least, 
work in different directions. Houston (6) has recently given 
an expression for the thermal e.m.f. of a pressure couple on the 
basis of the wave mechanics, but when applied to Cu it gives 
a value ten times too small, and suggests none of the complica- 
tions which we have found experimentally. 

^ T. Des Coudres, Wied. Ann., 48 , 673 (1891). 

* H. Agricola, Diss. Erlangen (1902). 

* E. Wagner, Ann. Pkys., 27 , 955 (1908). 

* H. Horig, ibid., 28 , 371 (1909). 

* E. Siegel, ibid., 88, 588 (1912). 

* W. V. Houston, ZS.f. Phys., 88, 449 (1928). 



CHAPTER XI 


THERMAL CONDUCTIVITY UNDER PRESSURE 

Considerable interest attaches to a determination of the 
effect of pressure on thermal conductivity because of the 
light which may be thrown on the mechanism of thermal 
conduction, which is not yet completely understood. The 
experiments may be conveniently classified according to 
whether the substance investigated is liquid or solid; as far 
as I know there are no measurements on gases in the pressure 
range of interest to us. 

New methods had to be developed adaptable to use under 
pressure. The requirements are rather severe; the size of 
the apparatus is restricted by the necessity of enclosing it in 
the pressure cylinder, and there are further restrictions in 
that the entire apparatus must be immersed in the pressure 
transmitting liquid. This greatly increases the heat leak from 
various parts, so that many methods which might be applic- 
able under atmospheric conditions cannot be used at all 
under pressure. It proved to be possible to meet these 
requirements much more successfully in the case of liquids 
(B. 46, 61) than of solids; in fact the apparatus finally 
adopted for liquids is capable of results in many cases more 
accurate than those previously found at atmospheric pressure, 
and the method should have a useful field of application 
under ordinary conditions. In the following, the results for 
liquids will first be discussed, and then those for solids, 
including metals. 

The apparatus for liquids is shown in fig. 75. The liquid 
to be measured, shown shaded, is contained in the annular 
space between two copper cylinders, A and B. The outer 
cylinder, B, is placed inside the pressure cylinder, in which 
it is a fairly good fit. The pressure cylinder is filled with a 
liquid transmitting pressure equally to all parts of the 

307 
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apparatus. Thermal contact between B and the pressure 
cyhnder is further secured by an arrangement of flat strips 
of spring copper (not shown in the diagram). The source 
of heat is at the axis H of the inner cylinder, where there is 
an insulated wire carrying a current of electricity. Heat 
flows radially from this wire through the cylinder A, the layer 
of liquid, the cylinder B to th^ pressure cylinder, and out 

J through its steel walls to the temperature 

bath. The bath is rapidly stirred and 
^ J maintained at a constant temperature by 

S ^ a regulator. 

P ^ The thermal conductivity of the liquid 

" ^ may be calculated when the dimensions of 

^ I the apparatus are known, the rate of heat 

input, and the difference of temperature 
\ ^ y between the outer and inner surfaces of the 

liquid. The formula for this is 


J ill 


Q log !j 


rl where k is the thermal conductivity of the 

liquid, Q the heat input per unit time per 
I imit length along the axis, ti—tg the dif- 

Fig. 75. — Cross-sec- ference of temperature between inner and 
for measuring the outer surfaces of the liquid, and fi and r, 

thermal conduct!- are the inner and outer radii of the layer 
vity of liquids under r 
pr^ure of hqmd. 

Because the thermal conductivity of the 
copper is so much greater than that of the liquids (2500 times 
greater for the ordinary liquid), the temperature difference, 
ti—t,, may be obtained with sufficient accuracy by measur- 
ing the temperature of the metal of the cylinders A and B 
at points near the liquid. Practically the entire drop of tem- 
perature which drives the heat flow takes place across the 
layer of liquid. 

The heat input Q is measured in* terms of the resistance of 
the wire per unit length and the current. The difference of 
temperature is determined from the e.m.f. of thermo-couples 
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of copper-constantan, one of the junctions of which, J, is in 
A and the other in B. Three of these couples were used, 
situated at angular intervals of 120“ and connected in parallel. 
In this way the mean of three temperature difference was 
obtained, thus correcting for any slight geometrical irregu- 
larities. For convenience in drawing, only two couples are 
shown in the figure. 

The apparatus for measuring the heating current and the 
e.m.f. of the couples was a potentiometer arrangement, 
practically the same as that used for measuring thermal 
e.m.f. under pressure. The details need not be given; all 
measurements could be made to considerably better than 
o-i per cent. 

Successful performance depends essentially on various 
details of mechanical construction. In the first place, and 
most important, in order to secure freedom from convection 
currents in the liquid, particularly since the cylinders are used 
in a vertical position, it is necessary that the annular space 
between the cylinders be small. This distance was only 
in. (0-040 cm.), the outer diameter of the inner cylinder 
being | in. (0-95 cm.), and the inner diameter of the outer 
cylinder in. (1-03 cm.). In the early days of thermal 
conductivity measurements a number of radial flow methods 
between concentric cylinders were used, without, however, 
using an axial source of heat as above. These methods have 
been later more or less discredited because of errors due to 
convection. The layer of liquid used in this present apparatus 
is many times thinner than the thinnest used previously. 
Convection is further reduced by the unusually small tempera- 
ture difference between the inner and outer cylinders, which 
was usually about o-6° C. The heat conveyed convectively 
varies, other things being equal, as the square of the tem- 
perature difference, so that it is important to keep this 
difference down. That the performance of the apparatus in 
this regard was satisfactory may be seen by comparing the 
values of the absolute conductivity found with it with the 
best of previous measurements. A further advantage of the 
thin layer is that thermal equilibrium is very quickly attained 
Muth it; it was possible to make final readings ten minutes 
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after every change of pressure. It is not unusual with 
apparatus built for use at atmospheric pressure for several 
hotirs to be necessary for the attainment of thermal equi- 
librium. 

The inner cylinder was supported concentrically with the 
outer by rings of German silver G at top and bottom, 
0-002 in. (0-005 cm.) thick. There is some heat leak from 
inner to outer cylinder at the two ends across the German 
silver rings, which, however, is sma», because of the thinness 
of the German silver and its relatively poor thermal con- 
ductivity. The leak was further reduced by increasing the 
radial separation of the cylinders at the two ends, so that the 
conduction from one to the other through the liquid was 
decreased. By choosing the dimensions of the enlargement 
E correctly, it is possible to make the decreased conductivity 
through the liquid exactly compensate for the increased 
conductivity through the German silver. The dimensions 
were so chosen that this compensation should be exact for 
the average of the liquids used. 

Because of the volume compression of the liquid as pressure 
is raised, it is necessary to provide a reservoir of the liquid 
outside the space between the concentric cyhnders. This 
was accomplished as follows: the reservoir R was made of 
a thin collapsible tube of tin 0-75 in. (1-78 cm.) in diameter, 
soldered at top and bottom to end discs of brass. It was 
filled with liquid and connected with the annular space 
between the cylinders with a tube of German silver. In 
order to cut down the volume compression as much as 
possible, the interior of the collapsible tube was filled with a 
metal core C of the shape shown, of such dimensions that 
when the tube was entirely collapsed against the core there 
should be a loss of volume of perhaps twice the volume 
compression of the liquid between the cylindCTS under the 
maximum pressure. This scheme was entirely successful in 
separating the liquid to be measured from the surrounding 
liquid — petroleum ether, or kerosene — ^by which pressure was 
transmitted from one part of the apparatus to another, and 
also in transmitting the pressure freely to the liquid between 
the cylinders. The thin rings of German silver separating 
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the inner from the outer cylinder never showed the slightest 
sign of deformation after a run, which, in view of their extreme 
thinness, is good evidence that the pressure in the liquid 
between the cylinders must have been very nearly the same 
as in the liquid outside. 

There are a number of corrections, which are described in 
detail in the original paper. The only correction for the 
change of dimensions under pressure is for the change of 
length; there is a correction for the change of resistance of 
the heating unit with pressure and temperature; there are 
corrections for the changes of constants of the thermo-couples 
with pressure and temperature; there is a correction for heat 
leak through the transmitting liquid at the ends between 
inner and outer cylinder, and its variation with pressure. 
All these corrections are small, and together do not amount 
to more than 4 per cent, of the total effect. The small- 
ness of the corrections constitutes a marked advantage of 
the method. 

There is another sort of correction not peculiar to these 
measurements under pressure, but affecting the thermal 
conductivity measurements of transparent substances, which 
has received very little attention in previous measurements, 
namely, correction for radiation. Two sorts of radiation 
effect may be considered. The first is direct radiation 
through the liquid between the two walls of the containing 
vessel, which are maintained at different constant tempera- 
tures. Transfer of heat by radiation in this way is effective 
in all those cases where the radiation path through the liquid 
is not so long that it will be approximately all absorbed, and 
this is apparently the condition in all experiments hitherto 
made. An exact calculation of this effect is not possible 
without a determination of all the emissivity constants of 
the vessel. An upper limit can be found by assuming the 
walls of the vessel to act like a black body; with the pressure 
apparatus described above, this upper limit would be between 
I and 2 per cent, for most of the liquids used. The upper 
limit is doubtless much too high, and the correction was 
merely neglected in my work. A simple dimensional exam- 
ination will show that the importance of the effect varies 
vv 
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directly as the distance between walls. In the apparatus 
above, in which this was only 0-4 mm., the effect is therefore 
small, but in other forms of apparatus used at atmospheric 
pressure the distance frequently is i cm. or more, when it 
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Fig. 76. — The effect of pressure on the relativity thermal conductivity of 
i-propyl alcohol at 30° and 75°. The points shown are observed points, 
with small corrections still to be applied. 

may be important. Neglect of this effect may very easily 
result in false values for the temperature coefficient of con- 
ductivity, and this may be an explanation of the chaotic 
values for this scattered through the literature. A second 
way in which radiation may enter is by direct transfer from 
one part of the liquid to another. This is a matter which 
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has been very little, if at all, discussed. I am not sure that 
it is possible in principle to separate a heat transfer by a 
mechanism of this kind from a transfer by the ordinary 
conduction mechanism. No correction, was applied for any- 
thing of this sort in my experiments, but the possibility of 
such an effect should at least be mentioned. 

The Results for Liquids. The liquids chosen for investi- 
gation were for the most part those whose compressibility 
I had already investigated, in order that it might be possible 
to correlate the effect of pressure on thermal conductivity 
with other pressure effects. Various details about the purity 
and handling of the different liquids may be found in the 
detailed paper. A set of measurements on a typical liquid 
of the set is shown in fig. 76, from which an idea may be 
formed of the regularity of the measurements. The average 
deviations of the single readings from smooth curves varied 
from o*o6 to 0*31 per cent., averaging about 0-17 per cent. 
The smooth curves drawn through the points should be 
considerably more accurate than this. 

The results are summarised in Table XVIII. This con- 
tains the absolute conductivity at atmospheric pressure at 
30° and 75® as determined by these measurements, and the 
relative conductivity at each of these temperatures as a 
function of pressure up to 12,000 kg./cm.^. Both the tem- 
perature and the pressure effects shown in the table merit 
discussion. 

Previous values of the temperature coefficient of thermal 
conductivity are quite contradictory, and only the most 
recent can be even considered. It will be noticed that at 
atmospheric pressure my temperature coefficients are nega- 
tive for all liquids except water. The negative sign of the 
coefficient agrees with that found by Lees ^ and by Gold- 
schmidt,* but my values are numerically considerably smaller 
than those of either. The temperature coefficient of the 
conductivity of water is exceptional in being positive; my 
value is an increase of 0*22 per cent, per degree rise of tem- 
perature. Practically the only previous value determined 
with proper care is that of Jakobs,* who finds for the coeffi- 
cient 0-28 per cent, per degree. Considering the magnitude 
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TABLE XVIII 

Effect of Pressure on Thermal Conductivity of a 
Number of Liquids 


Uquid 

h 

H 

i-i 

•o'! 

Relative conductivity as a function of pressure 
in kg./cm.* 

B 

1000 

2000 

4000 

6000 

9000 

12,000 

Methyl 

alcohol 

30; 

75 * 

•000503 

493 * 

1*000 

1*000 

1*201 

1*212 

1*342 

1*365 

1*557 

i*6oi 

1-714 

1-783 

1*927 

2*007 

2*097 

2*191 

Ethyl 

alcohol 

3^0 

75 ^ 

•000430 

416* 

1*000 

1*000 

1*221 

1*233 

1*363 

1*400 

1*574 

1*650 

1-744 

1-845 

1*954 

2 083 


Isopropyl 

alcohol 

K 

73 “ 

•000367 

363 

1*000 

1*000 

1*205 

1*230 

1-352 

1*399 

1*570 

1*638 

1*743 

I*8I2 

1-963 

2*030 


Normal butyl 
alcohol 

K 

73“ 

•000400 

391 

1*000 

1*000 

1*181 

1*218 

1*307 

1*358 

1*495 

1*559 

1-648 

1*720 

1*842 

1*923 

2*008 

2*099 


30: 

75° 

•000354 

348 

1*000 

1*000 

1*184 

1*207 

m 

mm 

1*686 

1*724 

1-893 

1-934 

2*069 

2*126 

Ether 

3 °: 

75 ' 

•000329 

322* 

1*000 

I-OOO 

1*305 

1*313 

1*509 

1*518 

i-Soo 

1*814 

2*009 

2043 

2*251 

2*316 

2*451 

2*537 

Acetone 

30® 

75 " 

•000429 

403* 

1*000 

1*000 

1*184 

1181 

1*315 

I 325 

1*511 

I 554 

1-659 

1-738 

1*864 

1*960 


Carbon 

bisulphide 

3 °: 

7 J* 

•000382 

362* 

1*000 

1*000 

1174 

I* 2 o 8 

1*310 

1*366 

1*512 

1*607 

I -663 

1-789 

1-834 

1-998 

1*962 

2*154 

Ethyl 

bromide 

K 

75 “ 

•000286 

273 * 

I'OOO 

1*000 

1193 

1*230 

1*327 

1*390 

1*517 

1*609 

1-657 

1-772 

1*815 

1*944 

1*928 

2*121 

Ethyl 

iodide 

30; 

75 “ 

•000265 

261 

1*000 

1*000 

1125 

1*148 

1*232 

1*265 

1*394 

1*442 

1*509 

1*570 

1*628 

1 1*715 

1 - 7*4 

1-837 

Water 

30 * 

75 ' 

•00144 

154 

1*000 

1*000 

1*058 

1*065 

1113 

1*123 

1*210 

1*225 

m 

1-398 

1*412 

Freezes 

1*506 

Toluol 

30 * 

75 “ 

•000364 

339 

I’OOO 

i«ooo 

1*159 

1*210 

1*286 

1*355 

1-470 

1-573 

1*604 

1-738 

1*768 

1*932 

(*- 394 t) 

2*089 

Normal 

pentane 

30® 

75 “ 

•000322 

307 * 

I’OOO 

1-000 

1*281 

1*319 

1-483 

1-534 

1-777 

1-835 

1*987 

2*122 

2*245 

2*440 

2*481 

2*740 

Petroleum 

ether 

30 * 

7 S* 

•000312 

302* 

1*000 

1*000 

1*266 

1-368 

1*460 

1*466 

1*752 

1*780 

1-970 

1-026 

2*215 

2*324 


Kerosene 

K 

75“ 

*000357 

333 

1*000 

1*185 

1*314 

1*502 

1-634 

1-839 

2*054 


• Extrapolated. 

t Toluol freezes at 9900 kg./cm.* at 30®. The figure is for the solid at 11,000. 
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of the corrections which have had to be applied in the 
previous methods, I believe that the apparatus developed 
here for use under pressure is capable not only of giving 
the pressure coefficient, but also of giving better values for 
the ordinary temperature coefficient than most previous 
methods. 

In general characteristics the effect of pressure is the same 
on all liquids tried. The thermal conductivity increases 
under a pressure of 12,000 kg./cm.® by an amount which 
varies from i-5-fold for water to 2-7-fold for normal pentane. 
In general, the effect is greater for those substances with the 
lower boiling or freezing temperatures (in general these are 
also the most compressible substances). The effect is not 
at all proportional to pressure, but at high pressures a given 
increment of pressure produces a much smaller effect, both 
absolutely and relatively, than at lower pressures. It may 
be seen from the results in the table that the second 6000 
kg./cm.* produces an effect which, in general, is about one-half 
that of the first 6000 kg./cm.*. 

The relative effect of pressure is greater at 75° than at 
30° by something of the order of 5 or 10 per cent. If one 
calculates from the relative values in the table the absolute 
conductivity as a function of pressure and temperature, it 
will be found that the change with temperature of the pressure 
effect is so large that at the upper end of the pressure range 
the temperature coefficient of conductivity is reversed, and 
all liquids are more conducting at the higher temperatures 
at the higher pressures. The pressure at which this reversal 
takes place varies somewhat with the liquid, but as a rough 
average it is at about 3000 kg./cm.^. This reversal by pres- 
sure of a temperature derivative is not the first instance, but 
we have seen that at high pressures the thermal expansion 
of all these liquids is greater at low temperatures rather than 
at high temperatures, the latter being the normal behaviour 
at atmospheric pressure. It may be significant that the 
pressure of reversal of this effect also is roughly 3000 
kg./cm.*. 

The conductivity of solid toluol at 11,000 kg./cm.* is about 
28 per cent, greater than that for the liquid extrapolated to 
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the same pressure. We would in general expect the solid 
to have the greater conductivity, because its specific volume 
is less than that of the liquid, and the velocity of elastic 
waves in it is greater. This relation of conductivity in liquid 
and solid is also what has been found by Barus for thymol, 
the only other organic substance that I know that has been 
measured in both solid and liquid. 

Theoretical Considerations on the Thermal Conductivity of 
Liquids. The thermal conductivity of liquids is a subject 
that has received very little theoretical attention. It has 
been recognised that the mechanism of conduction in a 
liquid must be different from that in a gas. In the gas there 
is an intimate connection between thermal conductivity and 
viscosity; each is connected with the length of free mol- 
ecular flight, conductivity being concerned with the transfer 
of energy and viscosity with the transfer of momentum. 
The relation between these is exhibited by the elementary 
formula 

r] being viscosity, and C specific heat. That there is no such 
relation for liquids may be shown in the first place by sub- 
stituting numerical values into this formula; the thermal 
conductivity will be found to be of the order of ten times too 
small. That there is no simple relation between thermal 
conductivity and viscosity in liquids is also shown by the 
known fact that the viscosity of solutions of varying strength 
of gelatine in water varies by a factor of many fold, with only 
slight changes in the thermal conductivity. The same is 
suggested by the pressure experiments above ; the change of 
viscosity of all the liquids measured above, except water, is 
many fold greater than the change in thermal conductivity. 

The only relation that I know which has been suggested 
connecting the thermal conductivity of liquids with their 
other properties is an empirical relation of Weber,* first given 
as yi/pc=:const., and later modified to 

k /mV 

— (—)== const. 

pc \p/ 
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Here p is the density of the liquid, c its specific heat, and m its 

I fn\^ 

molecular weight. The factor ( — ), by which the modified 

formula differs from the original one, is seen to be pro- 
portional to the mean distance of separation between the 
centres of the molecules. Weber's own data indicate a sur- 
prising constancy of the modified expression, but later dis- 
cussion ® has disclosed considerably greater variations than 
supposed by Weber. It seems probable that the relation 
discovered by Weber has no particular absolute significance. 
He gave no way of calculating the constant, which turns out 
to have the dimensions No simple relation be- 

tween a constant of these dimensions and any of the funda- 
mental constants suggests itself. It is to be expected a priori 
that it would not be difficult to discover relations like those 
of Weber, because the properties of ordinary organic liquids 
vary through only a comparatively small range. 

In the course of speculations on the significance of the data 
above I have come across an expression for thermal con- 
ductivity which is different from that of Weber, in that it 
enables us to calculate the thermal conductivity completely, 
with no empirical constant unaccounted for. The relation is 

k ==2av/8^ 


where a is the gas constant, v the velocity of sound in the 
liquid, and 8 the mean distance of separation of the centres 
of the molecules, assuming a cubical arrangement on the 


average, and calculating 8 by the formula 


S where 


m 


is the absolute weight in grams of one molecule of the liquid. 

In Table XIX are shown the computed and observed values 
of thermal conductivity of those substances for which the 
necessary data have been procured. The velocity of sound 
has been directly measured for only a few liquids. In order 
to treat all liquids consistently, I give in the table the velocity 
calculated from my values for the compressibility. The com- 
pressibility that enters the formula for the velocity of sound is 
the adiabatic compressibility. This is given in terms of the 
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TABLE XIX 

Comparison of Computed and Observed Thermal 
Conductivities at 30° 


Liquid 

Velocity 
of sound 
cm. /sec. j 

6 -^ 
cm. '2 

Thermal conductivity 
Abs. e.G.S. units 

1 

Computed 

Observed 

Methyl alcohol , j 

1*13 X 10^ 

6*00 X lO^* 

27-4 X lO^ 

21*1 X 10® 

Ethyl alcohol 

I-I 4 

4-74 

21*8 

i8-o 

Propyl * alcohol 

1-24 

3-94 

19*7 

15*4 

Butyl * alcohol . 

1-03 

3*49 

14*9 

16*7 

Iso-amyl alcohol. 

1-24 

3*13 

15*7 

14*8 

Ether 

0*92 

3*19 

II -9 

13*7 

Acetone 

I-I 4 

4*00 

i 8‘5 

179 

Carbon bisulphide 

i-i8 

4 *6 i 

21*9 

15*9 

Ethyl bromide . 

0*90 

3*97 

14*5 

12*0 

Ethyl iodide 

0*78 

3-81 

12*1 

II*I 

Water 

1-50 

10*4 

63-0 

6o‘i 


* Computed for normal propyl and iso-butyl alcohols, observed for 
iso-propyl and normal butyl. 


isothermal compressibility, the thermal expansion, the specific 
heat, and the absolute temperature by the formula 

\^PIt \°Plr 

Here the second term is a small correction; the values of 
thermal expansion and specific heat used in the computation 
of it were taken from tables of constants. The calculated 
velocity agrees with the directly determined velocity within 
a couple of per cent, where the comparison is possible. 

In view of the simplicity of the relation, the agreement 
between observation and calculation shown in Table XIX is 
surprising. It is particularly surprising that the high con- 
ductivity of water is reproduced so closely. The high con- 
ductivity of water, therefore, does not appear to be due in 
any special way to the molecular peculiarities of water 
(two or more molecular species), but is directly referable to 
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its low compressibility and the fact that the centres of the 
molecules are closer together than in the average liquid. 

This expression for thermal conductivity may be obtained 
in terms of a very simple physical picture. Imagine the 
molecules in simple cubical array, the distance between 
molecular centres being S. Let there be in the liquid a 
temperature gradient dTjdx. The energy of a molecule is 
2ar (half-potential and half-kinetic), where a is the gas 
constant, 2-02 x lo-**, and t is the absolute temperature. 
The difference of energy between adjacent molecules in the 

^dx 

direction of the temperature gradient is 2a8— . This energy 

uX 

difference is to be conceived as handed down a row of mole- 
cules with the velocity of sound. The total energy trans- 
ferred across a fixed point of any row of molecules per unit 
time is the product of the energy difference and the number 
of such energy steps contained in a row v cm. long, or 

^2a8~ The total transfer across unit cross-section is 

the product of the transfer across a single row and the number 

d>T 

of rows, or 2aV“8~*. But by the definition of thermal con- 
ax 


ductivity this transfer is also Whence, identifying 

coefficients, we have for the thermal conductivity 


k =2a?;8~*. 


The matter has been further discussed by Jeffreys,* who 
remarks with justice that this picture is over-simplified; 
evidently insufficient stress is put on the three dimensional 
aspect of the elastic waves which constitute the heat motion. 
He suggests an alternative account by supposing that in a 
liquid the irregularity of motion is so great that the micro- 
scopic elastic waves by which heat is transferred are com- 
pletely scattered in the smallest distance possible — that is, 
the distance between molecular centres. He suggests that 
the formula may be applicable to glasses, and I have also 
found it roughly applicable to a solid like hard rubber; it 
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would not be surprising if it were roughly applicable to all 
amorphous solids. 

Not only does this very simple expression give approxi- 
mately the absolute value of the thermal conductivity, but 
it also accounts for the sign, although not the numerical 
magnitude, of the temperature coefficient of conductivity. 
Thus it will be found that for the ordinary organic liquid 
both V and decrease with rising temperature, giving a 
conductivity decreasing with rising temperature, as found 
experimentally. For water, on th^ other hand, v increases 
with rising temperature (both the isothermal compressibility 
and the thermal expansion of water changing abnormally 
with temperature) at a rate more than sufficient to com- 
pensate for the decrease of so that the net effect is to 
increase the conductivity, again agreeing with experiment. 

In view of the success of this simple expression at atmo- 
spheric pressure, it was a surprise to find that it does not 
account at all well for the phenomena under pressure. It 
does give the correct sign for the pressure effect, for both 
V and 8“* increase with pressure, so that an increase in con- 
ductivity is to be looked for. But the change given by the 
formula is greater than that actually found. The velocity 
of sound is the factor that changes most with pressure. We 
have already seen that the ratio of the compressibility at 
12,000 kg. to that at atmospheric pressure for the normal 
organic liquid is of the order of 15 to i. Combined with the 
change of density, this results in a change of the velocity 
of sound by a factor usually between 3 and 4. Combined 
with the factor this demands a change of thermal con- 
ductivity at 12,000 of between three- and fourfold, whereas 
the experimental value is at most 2*7, and for the majority 
of hquids is in the neighbourhood of 2. The computed change 
of conductivity with pressure for water agrees no better with 
experiment than it does for other liquids. 

If the formula becomes at high pressures a better approxi- 
mation at high temperatures than at low temperatures, the 
reversal of sign of the temperature coefficient of conductivity 
at high pressures would be a consequence. 

Themal Oonductiyity of Solids. The problem of devising 



THERMAL CONDUCTIVITY UNDER PRESSURE 821 


a suitable method of measuring the thermal conductivity 
of solids under pressure proved to be much more difficult 
than for liquids, and several methods had to be used (B. 38) 
depending on the absolute magnitude of the conductivity 
of the solid. If the conductivity is comparatively low, 
a modification of the radial flow method used for liquids 
proved to be feasible. Wherever possible this method 
should be used, as it has the ideal advantage that the heat 
losses are small. By this method a number of minerals and 
similar substances were investigated (B. 48). There is evi- 
dently some geological interest in such measurements, because 
an analysis of the thermal condition of the earth demands 
a knowledge of the thermal conductivity of the minerals 
of the earth's crust at depths at which the pressure is high. 

The minerals were worked either by machining, if they 
were soft enough, or by grinding if they were not, to the form 
of cylindrical tubes 1*27 cm. outside diameter, 1*02 cm. 
inside diameter, and 2*5 cm. long. Copper cylinders fitted 
inside and outside, provided with a heating wire along the 
axis, and thermal couples with junctions near the inner and 
outer surfaces of the cylinder of mineral. There is a compli- 
cation in that the fit between copper and mineral cannot be 
made perfect, but there was of necessity a film of the pressure 
transmitting liquid. The dimensions of this film could be 
obtained by a suitable combination of measurements of 
dimensions and density of the other parts of the apparatus, 
and since the effect of pressure on the thermal conductivity 
of the transmitting liquid and on the dimensions of copper 
and minerals had been previously determined, the correc- 
tion for the film of liquid could be calculated as a function 
of pressure. The correction for this film was of the order 
of 30 per cent, at atmospheric pressure; at high pressures it 
becomes less. 

The following minerals were investigated: basalt, Solen- 
hofen limestone, talc, pipestone (Catlinite), NaCl, and pyrex 
glass. Detailed analyses of these substances are given in 
the detailed paper. I am much indebted to Professor R. A. 
Daly of the Department of Geology of Harvard University 
for suggestions as to significant minerals. 
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The results are shown in Table XX. In this table is given 
the absolute conductivity in grm. cal. per sec. per cm.* per 
degree C. per cm. as a function of pressure (measured in 
kg./cm.*) at 30° and 75° C., and also the percentage change 

TABLE XX 

Summary of Thermal Conductivity Measurements 
ON Non-Metallic Solids 


Substance 

Thennal conductivity as function 

of pressure i 

1 



Percentage 
change of 
conductivity for 
1000 kg./cm.* 

Pyrex glass 

0*00261 -fo-ooooio f— 30° and 75° 
'1000' 

+0*38 

i 

1 0*00404 -f 0*000010 30° 

+0*47 

Basalt 

1 'lOOO^ 

1 / p \ 



(0*00414 + 0*0000089 75° 

+0*22 

Solenhofen 

j"o*oo523 +0*000005 (j^)» 30° 

+ 0*1 

Limestone 

1 / P \ 



[0-00451 +0-000030 75° 

+ 0*67 

Talc 

0*00733 + 0000115 30° 

+ 1*57 


[0*00880+0*000317 (-"^), 30° 

+ 3*6 

NaCl 




(0*00756 + 0*00027 75 ° 

+ 3*6 

Pipestone 

Pressure conductivity 



0 0*00438 30° 



2,000 0*00506 



4,000 0*00544 



6,000 0*00563 

Average 


8,000 0*00574 

+ 3*0 


10,000 0*00587 



12,000 0*00596 



of conductivity at each of these temperatures for a pres- 
sure change of 1000 kg./cm.* (corresponding to a depth in the 
earth’s crust of about 2-5 miles). The results for pipestone, 
which do not vary linearly with pressure, are given as a 
function of pressure at 2006-kg. intervals. In all cases the 
thermal conductivity is found to increase with increasing 
pressure, and for all of the materials except pipestone the 
increase with pressure is linear. 
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For the harder rocks, basalt and Solenhofen limestone, 
which presumably correspond more nearly to the average to 
be found in the crust, the change per looo kg./cm.* is 0-5 per 
cent, or less. It is greater for the softer substances, talc and 
pipestone, being 1-57 and 3*0 per cent, respectively, and is 
greatest for NaCl, for which it is 3-6 per cent. (It should 
be remarked with regard to NaCl that my value for the 
absolute conductivity is of the order of one-half that which 
Eucken has found. The absolute conductivity of NaCl is 
the highest of that of any of the solids measured by this 
method, and therefore the apparatus is least well adapted 
to measuring it.) 

In general the change of thermal conductivity with pressure 
does not appear to be so large that it will introduce any im- 
portant change into previous geological speculations which 
involve only the conductivity near the surface of the earth. 

The effect of temperature on thermal conductivity, unlike 
that of pressure, does not always seem to be of the same sign. 
The conductivity of limestone and NaCl decreases with rising 
temperature by fairly large amounts, but that of basalt in- 
creases slightly. A positive temperature coefficient for basalt 
was also found by Poole,® as opposed to a numerically much 
larger negative coefficient for granite. The numerical value 
of Poole’s coefficient agrees as nearly with mine as can be 
expected for material from different sources. For ordinary 
liquids we have seen that the thermal conductivity usually 
decreases with rising temperature, and this may perhaps be 
taken as the normal effect in rocks. But there is not any 
great certainty here, and the combined effect of pressure and 
temperature at a depth of several hundred miles, where the 
pressure is of the order of a hundred thousand atmospheres, 
may be such that we must be prepared for the possibility of 
the conductivity being several fold greater than the accepted 
value. 

Pyrex glass does not depart from the average crystalline 
rock in the effect of pressure on conductivity, although the 
absolute conductivity is lower, as is usually the case for a 
glass. 

Metals are the most interesting solids for which to deter- 
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mine the effect of pressure on thermal conductivity, because 
of the important part that thermal conductivity has played 
in the electron theories of metals and the connection with 
electrical conductivity which is formulated in the Wiedemann- 
Franz law. Unfortunately, because of the high conductivity 
of metals, the pressure effect is very difficult to measure, 
and the results for them are very much less satisfactory than 
for liquids or for minerals. 

Two methods were used. The first was a simple modifica- 
tion of the radial flow method used for liquids. If in fig. 75 
the two copper cylinders with the intermediate annular ring 
of liquid are replaced by a single cylinder of metal, with 
heating element and thermo-couples unchanged, the essential 
features of the radial flow method for metals will be re- 
produced. The mechanical difficulty is in getting into the 
cylinder of metal the long small holes that are required for 
the heating element and the thermo-couples. In the case 
of the easily fused metals, these holes were cast into position, 
using cores of tungsten wire, but with the metals of high 
melting-point, such, for example, as iron, copper, and nickel, 
larger holes had to be drilled through the cylinder, which were 
then filled with small copper tubes, sweated into place. 
Measurements made with this method gave very good smooth 
curves; the difficulty was that different specimens of the 
same metal did not give consistent results. There proved to 
be important sources of error: difficulty of exactly controlling 
the temperature of the external surface, and in those cases 
in which copper tubes were necessary to carry the thermo- 
couples, difficulty of getting perfect thermal contact between 
the tubes and the body of the metal. Both these difficulties 
increase very rapidly as the conductivity of the metal in- 
creases, and it proved impossible to obtain consistent results 
for the metals of high conductivity. But for metals with 
low conductivity, such as lead and tin, consistent results 
were obtained, and I believe that there cannot be much 
question about the correctness of these. 

For metals of high conductivity, an entirely different 
method had to be used. This was a longitudinal flow method, 
in which heat flows from a source at one end of the rod, along 
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the rod, to a sink at the other end. The source was a diminu- 
tive heating coil let into a hole drilled in the end of the rod, 
and the sink was a massive block of copper, in good thermal 
contact with the walls of the pressure cylinder. The tempera- 
ture gradient in the rod is measured with a differential thermo- 
couple attached at two points near the mid-length of the rod. 
The thermal conductivity can obviously be calculated in 
terms of dimensions, heat input, and temperature gradient. 
The chief complication with this method arises from the 
escape of heat from the rod laterally into the pressure-trans- 
mitting medium. A simple dimensional examination will 
show that this effect can be minimised by making the 
dimensions of the specimen as small as possible; the rods 
were actually 3 mm. in diameter, and i cm. long. Approxi- 
mate calculations of the amount of heat escaping, both at 
atmospheric and at high pressure, can be made in terms of 
the dimensions and the known constants of the transmitting 
liquid. The magnitude of this correction varies with the 
conductivity of the metal; for silver, the correction changes 
at the maximum pressure by an amount equivalent to a 
I per cent, change in the conductivity of the metal, for nickel 
the corresponding effect is 5 per cent., and in the extreme 
case of bismuth nearly 14 per cent. These corrections are 
an important part of the total pressure effect, so that for this 
reason alone there is more uncertainty in these pressure 
results than in any other sort of pressure measurement. But 
there was an additional difficulty in practice. In order that 
the thermo-couple should accurately register the temperature 
of the metal, it was threaded through a fine hole which pierced 
the rod perpendicular to the axis. This hole should be a 
close fit for the thermal-couple wire in order to secure good 
thermal contact and geometrical certainty in the location of 
the junction, but should be a loose fit in order to avoid strains 
in the thermo-couple wire arising from the viscosity of the 
transmitting medium. The compromise that was adopted 
was to make the hole about 0*007 and the wire about 0*005 
of an inch in diameter. The resulting uncertainty of 0*002 in. 
in the location of the junction was about 5 per cent, of the 
total distance between junctions. Under pressure the couple 
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has the possibility of lateral play of this amount, with corre- 
sponding variation in the apparent thermal conductivity. 
An analysis of the irregularities made it possible to very mu^ 
minimise the effect. Each couple apparently had one or two 
positions of stability in the holes; by careful manipidation 
long successions of readings could often be obtained with no 
change of position, but very often after a critical pressure 
had been reached the couple would flop to a new, more stable 
position, with the result that all the data showed a tendency 
to lie on three or four distinct straight lines. By taking 
many points, and by a careful study of the stability relations, 
I believe that I have in every case got essentially the correct 
result, but it must be admitted that an unsympathetic critic 
might find considerable ground for scepticism in the more 
unfavourable cases. 

The results are shown in Table XXI, in which the per- 
centage change of thermal conductivity produced by 12,000 

TABLE XXI 

Effect of Pressure on Thermal Conductivity 
OF Metals at 30° 


Metal 

Average pressure 
coefficient between 

0 and 12,000 kg. 

Pressure coefficient of 
Wiedemann -Franz 
ratio 

Lead 

-fi 7*3 X 10 -® 

4- 6x io-« 

Tin .... 

4-12-2 

+ 3 

Cadmium . 

-f 7-4 

- 1-7 

Zinc .... 

4- 2-1 

- 2-5 

Iron .... 

- 0-3 

— 2-6 

Copper 

- 7*5 

- 9*3 

Silver 

- 3*7 

~ 7-0 

Nickel 

— 12-0 

-13 

Platinum . 

— 1-6 

- 3*5 

Bismuth . 

--3I-0 

— 10 

Antimony . 

— 21-0 

■—10 


kg./cm.* is listed. In only two cases was the accuracy 
sufficient to establish that the effect was not linear in the 
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pressure; these two cases are lead and tin, in which the 
departure is in the normal direction, the effect becoming 
less at the higher pressures. However, the curvature in these 
two cases is not certain enough to tabulate. The experi- 
mental results for lead are shown in fig. 77 , from which 
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Fig. 77, — The thermal conductivity in relative units of lead as a 
function of pressure. 

an idea may be obtained of degree of regularity possible in a 
favourable case. 

It is to be noted that a number of the metals measured do 
not crystallise in the cubic system, so that the results for 
them do not have the unique significance of the results for 
cubic metals. But all the non-cubic metals were prepared 
in such a way as to be of fine-grained structure, and it is very 
probable that the results listed are the mean of the pressure 
effects for all the directions in the crystal. For example, 
four samples of antimony were measured ; two were prepared 
X 
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by very rapid chilling from the melt, and two by extrusion. 
The changes found for 12,000 kg. were —23*9, —26-3, —24*8, 
and *-23-9 per cent, respectively. 

The most surprising feature of the results is that the 
effect is negative for about half the metals, contrasted with 
the universally positive effect in liquids and minerals. A 
negative effect is perhaps to be expected in bismuth and 
antimony, because the electrical conductivity also decreases 
under pressure, but the electrical conductivity of the other 
metals increases with pressure, and a corresponding increase 
in the thermal conductivity is to be expected in view of the 
close relation between the two conductivities expressed by 
the Wiedemann-Franz law. If the Wiedemann-Franz ratio 
were truly independent of the metal, then it must also be 
independent of pressure for any particular metal. The 
third column of the table gives the pressure coefficient of the 
Wiedemann-Franz ratio. It is not zero, and for nearly every 
metal except lead and tin is negative — that is, with these two 
exceptions, the increase of electrical conductivity with pres- 
sure is greater than the increase of thermal conductivity. 

Theoretically a fairly satisfactory account has been given 
of the Wiedemann-Franz law, both on the basis of the 
classical electron theory and on the new wave mechanics. 
Both of these theories give only a partial account of the 
mechanism of thermal conduction, because only the electronic 
part has been considered, leaving out the part arising from 
the action of the neutral atoms. The contribution made by 
the atomic mechanism is almost certainly different in different 
metals. Furthermore, if the atomic mechanism of heat 
transfer is affected by pressure differently from the electronic 
mechanism, and there is no reason to think that it may not 
be, the Wiedemann-Franz ratio may be expected to vary with 
pressure. There is, however, no immediate correlation be- 
tween the pressure coefficient of the Wiedemann-Franz ratio 
and its absolute value, so that it is obvious that the state of 
affairs is not entirely simple. 

The effect of pressure on the thermal conductivity of six 
pure metals and four alloys had been previously measured 
by Lussana ® up to 3000 kg./cm.*. His method was that of 
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Despretz; this may be considered as a modification of the 
longitudinal flow method used above. Instead of allowing 
heat to flow between source and sink at two ends of a com- 
paratively short rod, the rod is made infinitely long, and the 
heat input from a source at one end flows along the rod until 
it is all dissipated by lateral flow to the surroundings. The 
conductivity of the metal can be obtained in terms of the 
temperature readings at various parts of the length, provided 
the constants of lateral escape are known. It is evident that 
the thermal conductivity of the transmitting liquid plays a 
much larger part in this method than in mine, and that there- 
fore the pressure effect on the conductivity of the transmit- 
ting liquid must be determined with proportionally greater 
accuracy. The effect of pressure on the thermal conductivity 
of the liquid is ten times greater than on the metal itself, 
yet Lussana determined it to only one significant figure. For 
these reasons it seems to me that much confidence cannot 
be placed in Lussana’s results, which differ greatly from those 
given above. Lussana has, however, defended his measure- 
ments,® and the reader may form his own opinion, if necessary. 
In his paper of rebuttal I believe that he has misunderstood 
my method in several important particulars, in particular in 
the part which he supposes was played by heat leak along 
the thermo-couple wires. 

^ G. H. Lees, Trans. Roy. Soc., 191, 399 (1898). 

* R. Goldschmidt, Phys. ZS., 12, 417 (1911). 

3 M. Jakob, Ann. Phys., 63, 537 (1920). 

^ H. P". Weber, Wied. Ann., 10, 101, 304,' 472 (1880) ; Berlin Ahad. 
Sitzber., 809 (18852). 

® E. VAN Aubel, ZS, Phys. Chem., 28, 336 (1899). 

® Harold Jeffreys, Proc. Camb. Phil. Soc., 24, 19 (1928). 

7 H. H. Poole, Phil. Mag., 27, 5^ (1914)- 
® S. Lussana, Nuov. dm., 15, 130 (1918). 

® S. Lussana, ibid., 25, 115 (1923). 



CHAPTER XII 


VISCOSITY 

There are comparatively few previous experiments on the 
effect of pressure on viscosity. Coulomb made an unsuccess- 
ful attempt by a swinging-disc method to detect a difference 
between the viscosity of water at atmospheric pressure and 
in vacuum. The first successful attempt was by Roentgen * 
in 1 88 1 (published in 1884), who found a decrease of i per 
cent, or less in the viscosity of water at temperatures between 
5® and 11° under a pressure of twenty atmospheres. Warburg 
and Sachs * found in 1884 at 20° and up to 150 kg./cm.* 
pressure a linear decrease of the viscosity of water by 
I’7XI0“‘ per kg./cm.*, and a much greater linear increase 
for ether, benzene, and carbon dioxide. Their method was 
a capillary flow method, in which a mercury column provided 
the driving pressure. R. Cohen * studied the effect of pres- 
sure up to 900 kg./cm.* between 0® and 25° on water, NaCl 
solutions of four different concentrations, and turpentine. 
The method was a modified form of the capillary flow method 
of Roentgen and of Warburg and Sachs. The viscosity of 
water was found to decrease with pressure, and by smaller 
amounts the higher the temperature. The experiments left 
uncertain whether there was any pressure effect at all at 40®. 
Furthermore, at the lower temperatures the effect of pressure 
became less at the higher pressures. The viscosity of con- 
centrated NaCl and NH4CI solutions was found to increase 
with increasing pressure; as the solution becomes more 
dilute the abnormal behaviour of pure water is approached. 
Turpentine showed very large effects, an increase of 100 per 
cent, under 600 kg./cm.*. Hauser * extended the temperature 
range of Cohen to 100®, although decreasing his pressure 
range to 400 kg./cm.*, and found that above 32® pressure 

330 
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increases the viscosity of water like other liquids. Faust,® 
working in Tammann’s laboratory, measured up to 3000 
kg./cm.* at several temperatures the effect on ether, CS, and 
ethyl alcohol. Up to about 1500 kg./cm.* the viscosity in- 
creases linearly with pressure, but above this it increases 
more rapidly. E. Cohen and Bruins • measured the effect of 
a pressure of 1500 kg./cm.* on the viscosity of mercury at 
20°. All of these experimenters used some form of a capillary 
flow method, with glass capillaries and mercury to provide 
the driving pressure, so arranged that only a single reading 
could be obtained with each set-up. Hyde * made measure- 
ments up to 1500 kg./cm.* on a number of lubricating oils, 
and found large increases of viscosity, rising to' as much as 
fifteen-fold. The method was a very ingenious one, which 
permitted continuous readings; the oil could be made to run 
back and forth from one reservoir to another through a long 
steel capillary under a head of mercury, and the whole 
apparatus was mounted on knife edges so that the position 
of the liquid could be determined by a balancing operation. 
The viscosity of lubricating oils has been further measured, 
since the publication of my results to be described later, up 
to 4000 kg., and in the temperature range to 140° by Hersey 
and Shore,® by a method which also permits continuous 
readings. The work of Hersey was first done in the Jefferson 
Laboratory, and his pressure technique was in many respects 
the same as mine. The viscosimeter, which was adapted 
by Hersey to high-pressure measurements from a form 
originally due to Flowers, is a simple rolling-ball arrangement, 
in which a steel ball rolls from one end to another of an 
inclined smooth steel tube filled with the oil under pressure. 
The time of roll is determined electrically. By tipping the 
tube back and forth, the measurement may be repeated as 
often as desired, without opening the apparatus. Again 
large effects were found, running up to several hundred-fold. 
It was found that the logarithm of the viscosity was approxi- 
mately linear in the pressure, as is also the case with the 
pure liquids to be described presently. These results on 
oils are evidently of much technical interest, but they are 
difficult to interpret because of the physical complexity of 
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the materials, which are mixtures of many components, and 
they will not be discussed further here. 

In addition to the quantitative measurements just dis- 
cussed, a couple of phenomena may be mentioned which are 
intimately related to these, but which have been observed 
only qualitatively. Barus ® observed a very great increase 
in the viscosity of marine glue under pressure; in particular 
the increase was so great that there was no appreciable 
increase in the velocity of extrusion of marine glue through 
a small crack on doubling the pressure. In my preliminary 
pressure work I had observed a similar enormous increase 
in the viscosity of ordinary paraffin with pressure. In one 
of the collapsing experiments on steel tubes, a hollow, heavy- 
walled steel tube, closed at both ends, was imbedded in a 
mass of paraffin, and pressure applied by a piston directly 
to the paraffin, with the idea that the paraffin would trans- 
mit the pressure approximately hydrostatically to the steel 
tube, which would be collapsed at some high pressure. The 
rigidity of the paraffin was increased by pressure so much, 
however, that no relative motion between steel and paraffin 
took place, but the steel tube was shortened lengthwise by 
an amount equal to the volume compression of the paraffin. 

None of the methods previously used for the measurement 
of the effect of pressure on viscosity was adapted to the 
greater pressure range of this work, in general the apparatus 
being too bulky or too cumbersome in operation, requiring, 
for example, that the pressure chamber be reopened and the 
apparatus refilled for every new determination at a new 
pressure. The apparatus adopted for this work does not 
give the absolute viscosity, but does give the relative vis- 
cosity, and therefore the pressure coefficient of viscosity. 
Two different methods had to be used: one demanded that 
the liquid be a non-electrical conductor (B. 55), and was 
applied to the study of forty-three liquids, mostly organic, 
and the other was applied only to mercury (B. 61). The 
apparatus used with the non-conducting liquids is shown in 
fig. 78. The general idea of the method is very simple; in 
a steel cylinder of approximately 6 mm. internal diameter, 
filled with the liquid under investigation, there is a steel 
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cylindrical weight separated from the walls of the cylinder 
by a narrow annular space. The time of vertical fall of the 
weight from one end of the cylinder to the other is deter- 
mined; the time is a measure of the viscosity. 

The pressure-producing apparatus is so mounted and con- 
nected with the viscosity cylinder that it may be rotated 
through i8o^, so that after the time of fall of 
the weight has been determined the apparatus 
may be reversed, and the time of fall in the 
opposite direction determined. This may be 
repeated as often as desired, allowing an in- 
definite number of readings at any pressure 
or temperature with the same set-up. 

The time of fall is determined electrically. 
At each end of the cylinder there is an elec- 
trically insulated terminal D against which 
the weight rests at the end of its fall. In this 
position electrical connection is made from 
the walls of the cylinder through the weight 
to the terminal, and the completion of this 
connection is made to operate 
a suitable timing device. The ^ 
weight, which is shown in V=: 
detail in fig. 79, was provided j,,,, 7Q.__Detaii of 
with three small projecting the falling weight 
lugs at the top and bottom 
ends, which act as guides to 
keep the weight concentric as it falls, and through which electri- 
cal contact is made with the cylinder. In order to secure suffi- 
ciently good contact, these lugs had to fit the cylinder within 
better than 0*0025 order to keep the time of fall within 

reasonable limits, different weights were used according to the 
absolute viscosity of the liquid, the annular space between 
weight and cylinder varying between 0*0125 cm. for water to 
0*075 cm. for the more viscous liquids such as glycerine. 
Further flexibility could be attained by changing the total 
weight by placing within the cavity appropriate weights of 
tungsten or gold. 

The, insulating plugs at the two ends of the cylinder are 




Fig. 78. — Section 
of the viscos- 
ity apparatus 
for insulating 
liquids. 




334 


THE PHYSICS OF HIGH PRESSURE 


shown in the figure; they must not only provide a terminal 
electrically insulated from the cylinder, but must prevent the 
liquid under investigation in the cylinder from mixing with 
the pump liquid in which the cylinder is immersed. Mechani- 
cal tightness was secured by making the central stem of the 
plug H of brass; this stem becomes relatively shorter and 
so tighter at high pressure, because of the differential com- 
pressibility between brass and steel. The insulating plug 
was soldered into the end of the cylinder; in this way the 
liquid under investigation came in contact only with metals 
or mica, and was kept pure. The entire apparatus was 
disassembled for each new filling with a fresh liquid; this 
proved to be necessary because of the extreme necessity for 
removing every particle of mechanical dirt of any kind. The 
soldering and unsoldering were facilitated by two German 
silver sleeves E and F permanently soldered to the cylinder 
and plug respectively. The soldered connection between 
cylinder and plug was made and broken at A. 

The liquids under investigation were kept from contact 
with the surrounding liquid by which pressure is transmitted 
by means of a reservoir R of very thin pure tin, exactly as 
already described in connection with measurements of the 
effect of pressure on the thermal conductivity of liquids. 
The reservoir and cylinder were filled through the stem P, 
which was then sealed with a soldered plug not shown. 
After filling, the cylinder and reservoir were attached to an 
insulating plug, not shown, and the plug, with cylinder and 
reservoir as one self-contained unit, were screwed into the 
large pressure cylinder. 

The large pressure cylinder was connected with a pipe to 
the pressure-generating apparatus and the pressure gauge, 
which were the same as that used in previous work, except 
that they were mounted horizontally, so that they could be 
rotated about the connecting pipe as an axis. During 
rotation the hydraulic press with which pressure was pro- 
duced had to be disconnected from the hand-pumps, which 
were the source of pressure. This was made possible by 
valves mounted to rotate with the press, so that the pressure 
produced by the pump could be maintained after the trans- 



VISCOSITY 


885 


mitting pipe has been disconnected. The large pressure 
cylinder which contained the viscosity apparatus was 
T-shaped; there was a side connection at which entered 
the pipe connecting to the pressure-producing apparatus, 
which acted as the long arm of the T, which was hori- 
zontal and about which rotation took place. The main 
body of the cylinder acted as the cross-arm of the T, and 
by rotation was changed from one vertical position to the 
inverse. The falling weight within the viscosity apparatus 
fell along the axis of the cross-arm of the T. The viscosity 
cylinder was kept at constant temperature by the conven- 
tional stirred bath and regulators; the horizontal connecting 
pipe entered the bath through a simple stuliing-box. 

The timing apparatus was a simple combination of a small 
synchronous 6o-cycle A.C. motor with an ordinary clock 
movement, started and stopped with appropriate relays. 
The necessary error in the determination of a single time- 
interval was not over sec. Considerable difficulty was 
found in getting a proper source of current to operate the 
relay through the contact made by the falling weight. If 
the weight is to fall freely, there is considerable contact 
resistance between the lugs and the walls of the cylinder. 
Direct current is not suitable, for if the voltage is high enough 
to jump the gap, an arc follows, which may decompose the 
liquid or make the weight stick to the walls of the cylinder. 
After some trial, the alternating current delivered by a small 
bell-ringing magneto of the type used in insulation testing 
was found suitable. 

Various possible sources of error in starting and stopping 
of the clock and the operation of the various relays made 
necessary the construction of a special calibrating timing 
device, which need not be described in detail. Error in 
timing was minimised by taking the average of 50 fall times, 
if the time of fall of the weight was less than 5 sec. Above 
5 sec. fall time, the mean of 10 fall times was taken, until 
the time got to be 40 or 50 sec., when a smaller number of 
readings was taken, but never less than two even in the 
extreme case of one and a half hours. The error in the 
finally corrected fall time should not be greater than 0*002 
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or 0-003 sec. for the short times, and no more proportionally 
for the longer times. 

In addition to the corrections of the timing device, there 
were a number of other corrections. There is a correction 
arising from the fact that when the apparatus is rotated for 
a new fall the weight begins to fall before the vertical posi- 
tion is completely reached. There is a correction due to the 
inertia effect at the beginning of fall in virtue of which a 
certain amount of time is needed to build up the final velocity. 
The largest correction is for the change of buoyancy of the 
liquid on the falling weight as the density of the liquid changes 
under pressure or with temperature. This correction is a 
percentage correction, and is naturally greatest at the highest 
pressures; it demands a knowledge of the compressibility of 
the liquid. The correction, which is complicated, need not 

be given in detail, but the most important term is -- — 

Po 

where p„ is the density of the liquid at pressure p, and po 
the density at atmospheric pressure. The compressibility of 
about a dozen of the liquids of this investigation had already 
been measured, so that for these liquids the pressure cor- 
rection could be exactly computed. The compressibility of 
the other liquids has not been measured to high pressures, 
so that for them some sort of estimate had to be made of the 
correction. This estimate could be made with considerable 

confidence, because it is known that — — — as a function of 

Po 

pressure does not vary greatly from liquid to liquid among 
such organic liquids as those used here. The procedure in 
calculating the correction for a liquid whose compressibility 
had not been measured was to substitute into the formula 
the value of pq of the liquid (obtained from the tables), and 

to use for — — — the corresponding value for that one of the 
Po 

twelve liquids whose compressibility had been measured 
which was most nearly like the liquid in question. In select- 
ing the most similar liquid, weight was given both to the 
chemical constitution and to the compressibility at low 
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pressures, in those cases in which this had been determined 
by other observers. 

It was not difficult to select a similar liquid in practically 
every case except that of glycerine. The low-pressure com- 
pressibility of glycerine is so much less than that of any other 
of the liquids that an estimate of the correction did not 
seem safe, and the compressibility was therefore specially 
determined. 

The correction for change of buoyancy with pressure rises 
to as much as 5 per cent, in only a few extreme cases. The 
temperature correction for buoyancy in passing from 30° to 
75*^ at atmospheric pressure was about 0*05 per cent, for 
nearly all the liquids, but for a substance with so extreme 
a density as ethylene dibromide rose to a maximum of i'8 
per cent. I believe that the uncertainty in the final result 
due to buoyancy is practically always less than 0*1 per cent. 
However, if there should be abnormal features in the com- 
pressibility, this limit may be exceeded. In the original 
paper enough data are recorded to permit allowance for this 
if future exact measurements of the compressibility of any 
liquid should disclose the necessity. 

Finally, a correction has to be applied for the change of 
dimensions of the apparatus under pressure. The time of 
fall may be found by a dimensional argument to be pro- 
portional to the square of the linear dimensions. The 
correction for distortion, accordingly, turns out to be linear 
in the pressure, independent of temperature, and equal to 
0*46 per cent, at 12,000 kg. 

In addition to the corrections described above peculiar to 
these measurements of viscosity, there are other corrections 
common to all high-pressure measurements, which have 
been described in sufficient detail previously. All the cor- 
rections together do not amount to over 10 per cent, in 
the extreme case, and more often were of the order of 3 or 
4 per cent. 

The apparatus was subjected to a number of checks to 
assure its proper functioning. This included comparison of 
the times of fall at different pressures with varying weights 
and a comparison of the relative viscosities of different liquids 
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and of their temperature coefficients with the values of other 
observers. The performance was entirely satisfactory. 

Water gave special difficulty; a great many experimental 
attempts were made, but an accuracy equal to that obtained 
with the other liquids was not achieved. The difficulty was 
caused by the electrical conductivity of the water interfering 
with the operation of the timer through the electric contact 
arrangement. It was not possible to use the cylinder of 
bessemer steel used with the other liquids, because after the 
water had stood in contact with the steel for a while, there 
was enough chemical action to produce a short-circuit in all 
positions of the weight. Various special forms of apparatus 
were tried. Finally, by using the proper grade of stainless 
steel for the cylinder, and pure nickel for the weight, results 
were obtained which without doubt are essentially correct, 
but which are still not as good as for the other liquids. 

The original paper must be consulted for a detailed descrip- 
tion of the liquids. Many of these were of exceptional 
purity, namely, fourteen obtained from Professor J. Timmer- 
mans of the Bureau Beige d'fitalons Chimiques, and five 
from Professor F. Keyes of Massachusetts Institute of Tech- 
nology. Most of the others were from the Eastman Kodak 
Company, their purest grade 

The method so far described is, as mentioned, applicable 
only to insulators. The measurements with this method on 
organic liquid were carried out first, and it appeared from 
that work that it would be of particular interest to extend 
the measurements to a substance with the simplest possible 
molecule, which naturally suggests mercury. Unexpected 
difficulties were found in devising a method suitable for 
mercury, and many forms of apparatus were tried and dis- 
carded. The greatest difficulty arises from irregular capillary 
action; it is practically impossible to obtain regular results 
with a method in which the position of the mercury meniscus 
in glass or steel or similar material must be determined, and 
no pressure apparatus should involve this as an essential 
feature if it is possible to avoid it. Final success was attained 
only by making the apparatus of copper, with which mer- 
cury amalgamates, so that there is consequently no irregular 
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capillary action. The use of copper involves possible error 
from the solution of copper in mercury, but Richards has 
found that mercury dissolves less than o-02 per cent, copper, 
so that any error from this effect must be very small. 

•The apparatus finally adopted for measuring the viscosity 
of mercury under pressure is shown schematically in fig. 8o. 
It consists of two copper reservoirs connected by a fine copper 
capillary. The arrangement may be tipped back and forth 
through definite angles, and the time of flow of mercury 
from one reservoir to the other determined by electric con- 
tacts, through which a timing device is operated, as in the 
other method. 

The corrections to be applied are much larger than in most 
of my pressure work, being equal in magnitude to the effect 
itself, and demand a rather elaborate mathematical discus- 



Fig. 8o. — Section of the flow part of the apparatus for determining 
the viscosity of mercury. 


sion, for which reference must be made to the original paper. 
The principal complications arise from the fact that the 
head through which the mercury -flows varies so much that 
it is not accurate enough to use a simple average, and also 
from the fact that the so-called ‘kinetic energy' correction 
must be applied. The correction for the change of density 
of the transmitting liquid, petroleum ether, demanded a 
special determination of its compressibility. 

A check on the performance of the apparatus was afforded 
by the fact that the temperature coefficient of viscosity at 
atmospheric pressure determined by it agrees very closely 
with that of other observers. Rough checks of the correct- 
ness of the pressure coefficient could also be obtained by 
comparison with the results given by some of the preliminary 
and less satisfactory forms of apparatus. The known diffi- 
culties in the performance of these preliminary forms of 
apparatTis were of such a character that it was possible to 
say whether they would give too large or too small a value. 
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Thus one form of apparatus was known to give too large an 
effect because of capillary action, and this gave a 40 per cent* 
increase of viscosity under 12,000 kg. against 33-5 per cent, 
found with the final apparatus. Three other forms of pre- 
liminary apparatus, which were known to give too small 
values because of dirt sticking to the contacts, gave 24*5 per 
cent., 25 per cent., and 26 per cent, respectively against the 
final 33*5 per cent. 

In the course of the measurements on organic liquids a 
number of new freezing observations were made of liquids 
not previously observed. Freezing is, of course, shown by 
the weight refusing to fall. There is no previous warning 
of the approach of freezing, but the viscosity curve of the 
liquid runs without change into the sub-cooled region. The 
method is not well adapted to give accurate values; in 
general, an observed melting-point gives the true equilibrium 
pressure more accurately than a freezing-point, because the 
solid may not be superheated while the liquid may be sub- 
cooled. The data for the effect of pressure on melting-points 
determined in this way have already been tabulated in the 
chapter on melting under pressure. 

The numerical results for all the substances except water 
and mercury are now given in Table XXII. In the original 
paper there is a table giving the results in considerably 
greater detail. The table gives the logarithm of the relative 
viscosity as a function of pressure and temperature, the 
viscosity at 30"^ and atmospheric pressure being taken as 
unity. The logarithm of the viscosity, instead of the vis- 
cosity itself, is given because the variation with pressure of 
the viscosity is very rapid, and the curve of viscosity against 
pressure has rapidly varying curvature, whereas the curve 
of log (viscosity) against pressure approaches a straight line 
at high pressure, and is not too much curved at low pressures. 
The pressures tabulated in the table are o, 1000, 4000, 8000, 
and 12,000 kg./cm.2, the intervals being shorter at the lower 
end of the range because of the much more rapidly varying 
curvature. From the values of the logarithms the ratio of 
the viscosity at 30^ to that at 75° at various pressures may 
be found and is tabulated. Also the absolute viscosities at 
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TABLE XXll 



Pressure, kg. /cm.* 

V90 



T 

1000 

4000 

8000 

12,000 

Methyl 

alcohol 


0*000 

0*769 

1 *702 

0*167 

9-933 

1*714 

0*471 

0*208 

1-832 

0*750 

0*448 

2*004 

0*998 

0'655 

2*203 

0*00520 

Ethyl 

alcohol 

log 

»/o '-75 

0*000 

0-657 

2*203 

0*200 

9-«73 

2123 

0*617 

0*289 

2*128 

1- 023 
0-634 

2- 449 

1*390 

0*919 

2-958 

0*01003 

n- Propyl 
alcohol 

'lo >-75 
^yaoA /78 

0*000 

9*598 

2-5^3 

0*283 

9*88o 

2*529 

0*836 
0*368 
2*938 i 

I *402 
0*827 

3-758 

1*915 

1*223 

4*920 , 

0*01779 

n-Butyl 

alcohol 


0-000 

9 - 54 » 

2-«45 

0*321 
9*867 
2*858 j 

0-934 

0*312 

3-343 

1*609 

0*941 

4-679 

2*2o8 

1*396 

6-518 

0*02237 

n-Amyl 

alcohqj 

'^hohhb 

0*000 

9-540 

2*884 

0*341 

9*871 

2*951 

I *060 
0*466 
3*926 

i*8ii 

1*049 

5*781 

2-495 

1*562 

8*570 


i- Propyl 
alcohol 

V 3 oIVt 6 

0*000 

9*505 

3 *Mi 

0-343 

9*851 

3*120 

0*982 

0*425 

3 -(i ^4 

1 *640 

0*957 

4-844 

2-311 

1-424 

7-748 

0*01757 

i-Butyl 

alcohol 

n»oinii 

0*000 

9*444 

3-597 

0*388 

9*824 

3*664 

1-203 

0*488 

5*i88 

2*075 

1*158 

8*260 

2*898 

1*747 

14*16 

0*02864 

i-Amyl 

alcohol 

log 

Vo ^75 
VooIVto 

0*000 

9*424 

3*«05 

0-386 

9-787 

4*012 

1*185 

0*492 

4*970 

2*069 

1*168 

8*042 

2*952 

1*780 

15-76 


n- Pentane 

VoolVii 

0*000 

9*8ii 

1*545 

0*315 

0*163 

1*419 

0- 847 
0*676 

1- 483 

1*360 

1*119 

1*742 

1*846 

1-493 

2*254 

0*00220 

n- Hexane 

^0 ^75 
Voohh^ 

0*000 

9-803 

1-574 

0*332 

0*171 

1*449 

0*914 

0*701 

1*633 

1*514 

1*198 

2*070 

1*646 

0*00296 

n- Octane 

niohit 

0*000 

9*8io 

1-549 

0*327 

0*153 

1*493 

I *088 
0*763 
2*113 

1-363 


0*00483 
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TABLE XXII — continued 



Pressure, kg. /cm.* 

Voo 



I 

1000 

4000 

8000 

12,000 

i- Pentane 

^•o /^76 

0*000 

9*8ai 

1*510 

0*344 

0*193 

1*416 

0*894 

0*715 

1*510 

1*431 

1*179 

1*786 

1*947 

1*586 

2*296 

0*00198 

i-Amyl 

decane 

niJn-n 

0*000 

9*772 

1*690 

0*435 

0*178 

1*807 

1*354 

0*925 

2*685 

1*727 



Ethylene 
di- bromide 

Vo 

0*000 

9-756 

1-754 

0*003 

0*354 

(3000) 


•• 

001490 

Ethyl 

chloride 



m 

0*649 

0*514 

1-365 

1*008 

0*834 

1*493 

1*323 

i*iii 

1*633 


Ethyl 

bromide 


0*000 

9*8o6 

1-567 

0*222 

0*072 

1*413 

0*631 

0*472 

1*442 

1*043 

0*816 

1*687 

1*400 

1*123 

1*892 

0*00368 

Ethyl 

iodide 

Vo ^75 
Voohho 

0*000 

9-837 

1-455 

0*2i8 

0*057 

1*445 

0 656 
0*467 
1*545 

i*io8 

0- 854 

1 - 795 

1*549 

1*200 

2*234 

0*00540 

Acetone 

»?o '•75 
Viohit 

0*000 

9-895 

1-274 

0*226 

0*113 

1*297 

0*605 

0*445 

1*445 

0*987 

0- 762 

1- 679 


0*00285 

Glycerine 

VnlV^i 

0*000 

8*810 

15*49 

0*260 

9*023 

17*26 

0*936 

9*529 

25*53 

1*741 

0*094 

44*36 

0*628 

3-8 

Ethyl 

acetate 

Vo ^75 
VoolVio 

0*000 

9*836 

1*459 

0*258 

0*081 

1*503 

o*8i8 

0*517 

2*000 

1*393 

0*992 

2*518 

1*974 

1*416 

3-614 

0*0039 

n- Butyl 
bromide 

no '- 75 ° 
VtoIVto 

0*000 

9*832 

1*472 

0*269 

0*090 

i’5io 

0*816 

0- 564 

1- 786 

1*408 

1*040 

2*333 

2*oi8 

1*484 

3*420 

0*00537 

Cineole 

Vo ^75 
Vw/Vio 

0-000 

9-654 

2*2I8 

0*142 
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TABLE XXII — continued 


Substance 

Pressure, kg. /cm.* 

^•0 

■ 

1000 

4000 

8000 

12,000 

Oleic acid 

^ 7 s'" 
VwIVit 

0*000 

9-419 

3-811 

o*6i6 

9.989 

4-236 

0-843 




^»o /*?76 

0*000 

9*760 

1*738 

0*351 

0*100 

1*782 

0*542 

•* 

** 

0*00845 

Chloroform log ~ 

r)o '‘ 75 *’ 

0*000 

9*858 

1*387 

0*211 

0*094 

1*309 

o*66o 

0*480 

1*514 

0*914 

•• 

0*00519 

CS. 

^0 '-75 
V*ofV 7 i 

0-000 

9-875 

1-334 

o*i6o 

0*051 

1-285 

0*509 

0-372 

1*371 

0*840 

0*671 

1-476 

I 189 

0*946 

1*750 

0*00352 

E.h„ 

>7o '>75 

^ao/^ 7 » 

0-000 

9-878 

1-324 

0*324 

0*149 

1*496 

0*792 

0*601 

1*552 

1*261 

0*986 

I *884 

1*670 

1*311 

2*286 

0*00212 

“-Amyl ioel/ 3 o‘’ 

ether ®»?o^75*’ 

V*olV 76 

0-000 

9 - 73 * 

1-837 

0*401 

0*107 

1*968 

1- 230 

0-776 

2- 844 

2*091 

1*437 

4*508 

2*007 


cycio- 1 iJ 

hexane ® i^o 

fao® 

175® 

So/^ 7 * 

0*000 

9*723 

1*892 

0*169 

*• 

*• 

•• 

0*00828 

log 5 ./ 3 °° 
cyclohexane ®tyo^75° 

^»o/’? 7 i 

0*000 

9-747 

1*791 

0*388 

0*154 

1*714 

1*274 

0*900 

2-366 

2- 318 
1-756 

3- 648 

2*582 


Benzene log 

^0 ^75 

VioMit 

0*000 

9-765 

1*718 

0*347 

o*o8i 

1*845 

0*498 

(3000) 

*• 

•• 

0*00566 

CUoro- j £ / 30° 

benzene * ^ 75° 

flnhn 

0*000 

9-814 

1*535 

0*253 

0*053 

1*585 

0*867 

0-563 

2*014 

1*146 

*• 

0*00711 

Bromo- . rj f 30® 

benzene ^ 75® 

ntJnn 

0*000 

9*8oi 

1-581 

0*262 

0*044 

1-652 

0-897 

0-558 

2-183 

1-029 

(7000) 

*• 

0*00985 
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TABLE XXII — continued 



Pressure, kg. /cm.* 

Vzo 



I 

1000 

4000 

8000 

12,000 

Aniline 

^0 w 5 
VnofVTb 

0*000 

9-551 

2*8i2 

0-376 

9-847 

3-381 

0*560 

** 

•* 

0*0319 

Diethyl- 

aniline 

log ^ 1 ^ 

0*000 

9*690 

2*042 

0-394 

9*984 

2-570 

1*070 

{3000I 

0-758 

1-775 

1 


Nitro- 

benzene 


0*000 

Decom- 

poses 

0*264 

j 




Toluene 

nzQhhh 

0*000 

9*796 

I *600 

0*274 

0*065 

1*618 

0*897 

. 0*597 

1-995 

1*699 

1 i*i86 

3-258 

1-832 

0*00523 

o- Xylene 

VzoIVi ^ 

0-000 

9-767 

1*710 

0*311 

1 0*057 
1-795 

0*689 


•* 

0*00709 

m-Xylene 

Vaol^hi 

0*000 

9-799 

1-589 

0*290 

0*079 

1*626 

0*967 

0-637 

2-138 

1-333 


0*00552 

p- Xylene 

mo ! f ]76 

0*000 

9-797 

1*596 

0*092 

•• 



0*00568 

p-Cymene 

^0 ^75 
Vzahia 

0*000 

9*800 

1-585 

0-333 

0*087 i 
1*762 

1*194 
0*749 1 
2*786 

I *612 



Eugenol 

, v \^°° 

log -i 

’'•Us” 

Viohn , 

0*000 

9*429 

3*724 

0*541 

9*810 

5-383 

2-273 

(3000) 

0-805 

29-38 

2-343 



Petroleum 

Ether 

'“‘lit 

VtoMsa 

0*00 

0*30 

0*93 

0*56 

2-34 

1-59 

1*06 

3-39 

2*i8 

1*49 

4-90 


Kerosene 

'-Hr; 

VzofVzo 

0*00 

0*46 

1*71 

0*91 

6*3 

1*88 

2*80 
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atmospheric pressure at 30° are listed when these are known; 
many of these values were taken from the Smithsonian 
Tables, and others were given by Timmermans. 
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Fig. 81. — The common lo^^Mrithm of the corroctc<l time of fall of the wei^^^ht 
plotted against pressure ftir methyl alcohol. The time of fall is pro* 
portional to viscosity. 


A sample curve for methyl alcohol, giving the logarithm of 
the observed relative viscosity is shown in fig. 81. 

Because of their comparatively small variation of viscosity 
with pressure, water and mercury are treated separately. 
In Table XXIII are given the relative viscosities of water 
(not log relative viscosity) as a function of pressure at o”, 
10-3°, 30°, and 75°, and the results are shown graphically in 
fig. 82. 
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TABLE XXllI 

Relative Viscosity of Water 


Pressure, 

kg./cm.* 

Relative viscosity 

0° 

10*3^^ 

0 

0 

75° 

I 

I -000 

0*779 

0*488 

0*222 

500 

0-938 

0*755 

0*500 

0*230 

1,000 

0*921 

0-743 

0-514 

0*239 

1,500 

0*932 

0-745 

0-530 

0*247 

2,000 

0^957 

0-754 

0*550 

0*258 

3,000 

1*024 

0*791 

0-599 

0*278 

4,000 

i*iii 

0*842 

0*658 

0*302 

5,000 

I* 2 i 8 

0*908 

0*720 

0-333 

6,000 

1*347 

0*981 

0*786 

0*367 

7,000 


1*064 

0-854 

0*404 

8,000 

. , 

1*152 

0-923 

0-445 

9,000 

. . 

. . 

0*989 

0*494 

10,000 

Freezes 

1*058 

, • 

11,000 



1*126 

• • 


The results for mercury are shown in Table XXIV and 
fig. 83, in which viscosity is plotted against pressure at two 
temperatures. 

TABLE XXIV 

Viscosity of Mercury Pressure under 


Pressure, 

kg./cm.* 

Absolute viscosity 

0^ 

0 

0 

75° 

I 

0*01516 

0*01340 

2,000 

0-01585 

0*01400 

4,000 

0*01663 

0*01463 

6,000 

0*01742 

0*01528 

8,000 

0*01822 , 

0*01598 

10,000 

0*01912 . 

0*01674 

12,000 

0*02007 

0*01759 




848 


THE PHYSICS OF HIGH PRESSURE 


Some comparison is possible between these results and 
those of other observers. For organic liquids there are 
practically only the results of Faust ® to 3000 kg. on ethyl 
alcohol, ether, and CSg. He finds for ethyl alcohol an in- 
crease of viscosity at 30° under 3000 kg. of 2 •94-fold against 
my 2-31, for ether 3-96-fold against my 3-27, and for CSg 
3*43 against 2*03. The agreement certainly ought to be 
much closer. It is not evident from his paper whether all 
the corrections were applied, but it is hard to see how any 
corrections could be responsible for so large a difference. 
For mercury there are the results of Cohen and Bruins ® to 
1500 kg./cm.*. Their result is equivalent to an increase of 
viscosity of 6*1 per cent, at 2000 kg./cm.* at 30° against 5-1 
per cent, found above. It is probable that some corrections 
should be applied to Cohen *s results, which are discussed in 
my detailed paper, but when they are all applied there will 
probably be an outstanding difference of 11 per cent, of the 
effect — that is, an increase of 5-6 per cent, at 2000 kg. by 
Cohen against my 5-1 per cent. 

In certain quahtative features, the behaviour of all the 
liquids investigated here, except water, is alike, although 
there are very large quantitative differences. The viscosity 
increases with pressure at a rapidly increasing rate, so that 
if viscosity is plotted against pressure, a curve of very 
rapid upward curvature is obtained. This is unusual; most 
pressure effects become relatively less at high pressure by a 
sort of law of diminishing returns. In fig. 84 is shown vis- 
cosity against pressure at 30® for CSa and ether, two sub- 
stances with comparatively small pressure effect. It is seen 
that over the first two or three thousand kilograms the 
relation between pressure and viscosity is nearly linear, but 
above this the departure is extreme. If the logarithm of 
viscosity is plotted against pressure the curve obtained is in 
general concave toward the pressure axis. The curvature 
is much the greatest at low pressures; above 2000 or 3000 
kg./cm.* the curve approximates to a straight line in a little 
more than half the cases, while in the remaining cases it 
gently reverses curvature. This means that above 3000 
viscosity either increases geometrically or else even more 
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rapidly as pressure increases arithmetically. Among the 
substances investigated, eugenol and p-cymene have the 
most rapid increase. 

The temperature coefficient of viscosity is shown by the 
rows in Table XXII giving Here again the effect is 

abnormal; most temperature effects become less at high 



Fig. 84. — The viscosity in abs. C.G.S. units at 30® of CSj and ether as a func- 
tion of pressure. The curve for ether starts below that for CSg, and 
rises above it beyond 2000 kg. 


pressures, which is to be expected if the modification in the 
structure produced by temperature agitation becomes less 
under the greater constraints imposed by the high pressure. 
But here the relative change of viscosity with temperature 
becomes very markedly greater at high pressure, the ratio 
Vsohis changing under 12,000 kg./cm.^ by a factor of as 
much as 4. 

Apart from these qualitative resemblances, the most varied 
quantitative behaviour is shown by the various substances. 
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In fact, viscosity is a unique property in regard to the magni- 
tude of the pressure effect and its variation from substance 
to substance. The compressibility at atmospheric pressure, 
for example, varies by a factor of not more than four- or five- 
fold for the substances investigated here, and under 12,000 
kg./cm.* the compressibility of any one substance diminishes 
by not over fifteen-fold. The thermal expansion changes by 
a factor of 2 or 3 under 12,000 for these liquids, and the 
specific heats and thermal conductivities do not vary more. 
Excepting water and mercury, the smallest effect of pressure 
on viscosity found above is that on methyl alcohol, which 
increases tenfold under 12,000, and the largest is by over 
10’ for eugenol (obtained by linear extrapolation, which 
gives too low a value). 

In general, the largest pressure effects are for those sub- 
stances with the most complicated molecules. This is very 
plainly shown by the series of the alcohols, or by the various 
compounds derived from benzene; the relative pressure 
effect is greater the more complicated the group substituted 
for hydrogen. There is also a very marked constitutive 
effect, the iso-compounds having a larger effect than the 
normal compounds, and a similar effect is seen in the three 
xylenes. A heavier atom substituted into a molecule pro- 
duces in general a larger pressure effect, as is shown in the 
series ethyl chloride, bromide, iodide, or by chloro- and 
bromo-benzene. There appears, however, to be a tendency 
working in the other direction at low pressures. In the 
ethyl halogen series, the increase of viscosity produced by 
500 kg./cm.* is in the order Cl, Br, I, whereas the increase 
under 12,000 is in the order I, Br, Cl. It may well be that 
the effect at low pressure is due to the abnormally large 
compressibility of C^HjCl, due to the neighbourhood of the 
critical point, at which the compressibility is infinite. Ab- 
normal behaviour is also shown by methyl cyclohexane, the 
pressure effect being larger than for cyclohexane. 

Water is quite different in character from the other liquids. 
Previous investigations have been made to 400 kg./cm.* by 
Hauser.* He found that below 30° viscosity decreases with 
increasing pressure, and above 30° increases. At higher 
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pressures we now find that at o® and lo® there is a minimum 
viscosity, at a pressure roughly looo kg./cm.*, the minimum 
being less pronounced at io° than at o°. At 30° and 75® 
there is a regular increase of viscosity with pressure over the 
entire range. (Not much weight must be placed on the 
precise numerical values given for 75®, there being much 
experimental uncertainty here because of electrical conduc- 
tivity by the water.) It is natural to see in this abnormal 
behaviour of water an association effect; at low pressures 
and temperatures, water is strongly associated with large 
molecules and a large viscosity, but as pressure increases the 
association decreases, and the average size of the molecules 
decreases, giving a term in the viscosity which diminishes 
fast enough to more than compensate the normal increase of 
viscosity under pressure. At higher pressures the association 
effect is exhausted, and the behaviour becomes normal. 

Except for absolute magnitude, the results for mercury 
are of the same general character as those for other liquids. 
Viscosity increases with increasing pressure at an accelerated 
rate, and the percentage increase at 75° is less than at 30®. 
It will be found on inspection of the diagram that the curve 
for 75° may be obtained by displacing bodily the 30®-curve 
along the pressure axis by about 5750 kg./cm.*. This means 
that the fractional change of viscosity produced by a given 
increment of pressure is a function only of the viscosity, no 
matter whether a given value of the viscosity is found at a 
low pressure and low temperature or at a high temperature 
and a high pressure. The experimental data are not sufficient 
to allow a similar statement about temperature coefficients 
at equal viscosities. The result for the pressure coefficient 
was not found to hold in the case of other liquids, so that 
possibly in the case of mercury the result is only approximate, 
holding only over a comparatively narrow range. 

On the theoretical side, I believe that these pressure 
results indicate very strongly that there is a feature in the 
mechanism of liquid viscosity not yet sufficiently considered. 
Comparatively little work has been done on the theory of the 
viscosity of liquids. It has, of course, been recognised that 
the mechanism is different in liquids and gases. A striking 
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demonstration of this is to be found in the pressure effects, 
the reciprocal of viscosity and thermal conductivity of a gas 
change together with pressure, and are known to be simply 
related, whereas in a liquid, thermal conductivity increases 
with increasing pressure, but reciprocal viscosity decreases 
enormously. In most discussions of the viscosity of liquids, 
the volume has been looked on as the most important factor. 
Thus Philips has a theory in which viscosity is a function 
of volume only, and Faust ® thought that he could infer 
from his data that at high pressures viscosity in the limit 
becomes a linear function of volume only. As a matter of 
fact, his data for CSg and ether were favourable to this 
hypothesis, but ethyl alcohol was distinctly unfavourable. 

These data show most definitely that viscosity cannot be a 
function of volume only. In figs. 85 and 86 are plotted the 
logarithm of relative viscosity at 30° and 75° as a function of 
volume for ether, CSg, and i-amyl alcohol. If viscosity were a 
function of volume only, the curves for different temperatures 
would coincide. They do approximately coincide at the 
volumes corresponding to low pressures for ether and CSg, 
but at smaller volumes (higher pressures) there is marked 
divergence. The discrepancy for ether at the upper end of the 
pressure range corresponds to a factor of 2 on the viscosity. 
The relation is not satisfied at any part of the range by i-amyl 
alcohol; even at the low pressure end of the range the vis- 
cosity at 30° is greater by a factor of 2*5 than at the same 
volume at 75°. The behaviour of mercury, which might be 
expected to be specially simple because it is monatomic, 
shows the same sort of departure from expectation. The 
volume of mercury at 75® and 2000 kg./cm.* is the same as 
at 30° and atmospheric pressure, but the viscosity at 75® 
and 2000 kg./cm.2 is 0-0140 against 0-0152 at 30° at atmo- 
spheric pressure. The pressure coefficient of viscosity would 
have to be nearly three times as great as found above if 
viscosity were a function of volume only; such a change is 
entirely beyond the possibility of experimental error. In 
general, then, viscosity decreases when temperature and 
pressure are increased together in such a way as to keep 
volume constant. 
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The theory of Brillouin ** does give a pure temperature 
effect at constant volume. The fundamental idea of this 



Fig. 85. — The common logarithm of relative viscosity at 30° and 75® of i-amyl 
alcohol as a function of volume. 



Fig. 86. — The common logarithm of relative viscosity at 30® and 75® of ether 
and CS, as a function of volume. The curves for ether are the upper 
curves with the scale of ordinates at the right. 


theory is that in a liquid momentum is transferred by elastic 
waves in much the same way as the thermal energy is trans- 
ferred by elastic waves in Debye's theory of heat conduction. 
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A simple expression is found by Brillouin for the temperature 
coeflftcient of viscosity at constant volume, which involves 
the thermal conductivity and the velocity of sound. Sub- 
stitution of the numerical values, which may be obtained 
from the data of this chapter, shows, however, that the 
formula fails by a factor of nearly 5000. 

It seems fairly evident, therefore, that there is some very 
important element in the situation not hitherto considered. 
This, I believe, to be an interlocking effect between the 
molecules, which prevents the free motion of one layer of 
molecules over another. Slipping of two interlocking mole- 
cules past each other can take place only when haphazard 
temperature agitation has so far separated them that the 
interlocking parts are free. According to such a picture, 
viscosity would be expected to decrease with rising tempera- 
ture both at constant pressure and constant volume. When 
the volume is decreased at constant temperature by increasing 
pressure, a comparatively small decrease of total volume may 
evidently produce a very large increase of interlocking, and 
the effect would be expected to increase more and more 
rapidly as the pressure increases. Furthermore, it is evident 
that the magnitude of the effect may be very different for 
different substances. 

Such an interlocking effect would be expected to be most 
important in the most complicated molecules, and strong 
evidence in favour of such a picture is the very marked 
tendency found experimentally for the pressure effect to 
increase as the molecule becomes more complicated, and 
conversely the comparatively very small effect in monatomic 
mercury. Evidently ‘compUcation of the molecule’ is a 
very hazy concept, and any numerical measure of it can be 
only very crude. It is evident, I think, that the molecule may 
be more complicated either because it contains more atoms 
or because the atoms themselves are more complicated. As 
a measure of the comphcation of the atom, I have taken the 
number of extranuclear electrons (the atomic number), and 
to measure the complication of the molecule I have multiplied 
the total number of extranuclear electrons in aU the atoms 
which the molecule contains by the total number of atoms in 
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the molecule. This evidently neglects many factors which 
we would like to include; for example, no distinction is made 
between an iso- and a normal alcohol, although our ordinary 
structural formulas would suggest that the molecule of an iso- 
alcohol is more likely to interlock with others of its kind than 
is a molecule of a normal alcohol. 

If the complexity of the molecule, measured in this way, 
is plotted against the pressure effect on viscosity, a very 
definite correlation will be found. This plot will be found 
in the detailed paper (B. 55). Considerable experiment on 
my part failed to find any other properties with as definite 
a correlation with viscosity. Stronger evidence of the im- 
portance of molecular complexity may be found by confining 
oneself to a single related series of chemical compounds, and 
noticing the effect of making the molecule more complicated 
in the series. Striking examples of this are the increase of 
pressure effect with molecular weight in the series of alcohols, 
or of hydrocarbons, C„Hj„+,, or the ethyl halogens. 

If some such interlocking effect is an important part of 
the viscosity mechanism, this means that so far as viscosity 
phenomena are concerned, the molecule preserves its inviol- 
ability and continues to function as a unit when the volume is 
greatly decreased by high pressure. There are other pheno- 
mena, such as compressibihty, in which the molecule seems to 
lose its significance at small volumes, and the atom becomes 
more significant. A reason for the difference may be seen in 
the different sorts of relative motion involved. If a molecule 
ceased to function as a whole during viscous shear it would 
be torn apart by the relative motion of the parts of the liquid, 
but the relative motion involved in a hydrostatic compression 
is not such as to destroy the molecule, even under compara- 
tively large changes of volume. At present it would probably 
be prohibitively complicated to attempt to put into mathe- 
matical form an exact analysis of any such interlocking 
effect. 

After the galley proofs of this book had been read I was 
most kindly informed by Professor Andrade that he has had 
considerable success in extending the formula which he had 
previously deduced for the variation of viscosity with tern- 
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perature to include the variation with pressure also. The 
extended formula is : 

where v is the specific volume as given by experiment, T the 
absolute temperature, and A, r, and s are empirical constants, 
A and rs are fixed by the variation of viscosity with tempera- 
ture at atmospheric pressure, so that there is effectively only 
a single constant available to reproduce the variation of 
viscosity with pressure. This can be done with much success 
over the entire pressure range and at both temperatures, 
30° and 75°, for such liquids as CgHgBr, C2H5I, and CSg. 
Whether the formula would be as successful for the liquids 
which have a much larger pressure coefficient, such as eugenol, 
for which the relation between pressure and volume was not 
available, was not evident at the time of writing. The 
fundamental point of Andrade's theory, namely, that viscosity 
involves a temporary freezing together of the molecules of 
the liquid into larger aggregates more nearly crystalline in 
character, is somewhat like the interlocking effect suggested 
above. The theory will probably be published in detail 
before the appearance of this book. 
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CHAPTER XIII 


MISCELLANEOUS EFFECTS OF PRESSURE 

This chapter of miscellanies will be largely devoted to work 
of other observers on topics not already discussed, in which 
the pressure range has been low, seldom as much as 3000 
kg./cm.*. The chapter will also include several investiga- 
tions done with my high-pressure apparatus and more or 
less under my supervision, namely, on dielectric constant, 
magnetic permeability, optical absorption, and irreversible 
chemical reactions, mostly polymerisations. The pressure 
range of these investigations is 12,000 kg./cm.®. Finally, an 
account will be given of my own work on the transformation 
of yellow to black phosphorus, and on the effect of pressure 
on rigidity, for which there has been no place in the earlier 
chapters. 

The Effect ol Pressure on Solubility. As already stated in 
the chapter on melting, this effect may properly be regarded 
as a special topic in the behaviour of binary mixtures 
under pressure, but since no systematic examination has 
been made of the general field, and the technique of these 
experiments is special to itself, they may conveniently be 
described in this chapter of miscellanies. 

The effect of pressure on solubility satisfies an equation 
which is a simple extension of Clapeyron’s equation for one- 
component systems: 


/an 


AV 

W/rl 

_ 

-"IT' 


where ( — ) is the pressure coefficient of solubility, 

\<^P/r 

the ordinary temperature coefficient of solubility, AV the 
total change of volume when i molecule of the solute goes 
into solution under equilibrium conditions (that is, into an 
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infinite amount of the already saturated solution), H the heat 
of solution of I molecule under the same conditions, and t 
the absolute temperature. In this equation everything may 


be regarded as known at atmospheric pressure except ( — ) 

\0Plr 

and the equation therefore affords a means of calculating 
the pressure coefficient of solubility. It would appear that 
there would be no particular point in multiplying experi- 
mental verifications of the formula at pressures so low that 


( 



and the other factors are approximately the same as 


at atmospheric pressure. As a matter of experiment, how- 
ever, the equation has proved unexpectedly difficult of veri- 
fication. The matter is discussed at considerable length in 
the book of Cohen and Schut, where the early experiments 
are described, which were, however, so inaccurate that 
verification of the formula failed by large amounts; these 
early experiments will not be described here. By far the 
most careful work in this field has been done by Cohen and 
his students, and the experimental verification may now be 
regarded as satisfactory. The pressure range is that usual 
in the work of Cohen, about' 1500 kg./cm.*; this range was 
sufficient to show departures of L from linearity with pressure. 
No attempt was made, however, to find the variation of the 
other factors in the thermodynamic equation, so that the 
experimental verification of the formula can be regarded as 
made only at atmospheric pressure. There would seem to be 
no particular point in trying merely for a verification of the 
formula at higher pressures. 

One of the chief technical difficulties is in ensuring that 
the solution shall be actually saturated under pressure, and 
in properly measuring the concentration when known to be 
saturated. Stirring of the solution under pressure may be 
accomplished either with some sort of electromagnetic device 
operating within the pressure chamber, or by arranging the 
apparatus so that it can be tipped back and forth, with 
mercury in the bottom of the pressure chamber, the solution 
being swashed about by the motion of the mercury. The 
concentration of the solution at saturation under pressure 
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may be determined by arranging so that a valve may be 
opened, giving a small sample, the anedysis being made 
rapidly so that the salt has no time to deposit from the 
supersaturated condition. Or the concentration may be 
determined electrically, by measuring the resistance of the 
saturated solution under pressure, and then from measure- 
ments of the resistance under pressure of unsaturated solu- 
tions of various known concentrations extrapolating to the 
concentration of the unknown saturated solution. 

Cohen was able to reproduce many of his results with a 
second degree expression in pressure. Some of the results 
follow ; ^ is in atmospheres, and C is the number of grams 
of salt in loo grm. of solution. 

Thallo-sulphate at 30° : 

C =5-831 +3-295 X 10-®^ — 1-09 xio-’^*. 

Naphthalene in tetrachlorethane at 30°: €=35-07, p—o; 
€=30-26,^^=250; € =26-40, /> =500; €-=23-33, p =750; 
€=20-89, p=^ooo. 

m-dinitrobenzene in ethyl acetate at 30°, p to 500 atmo- 
spheres : 


€ =52-54—2-674 X 10-^p +9-825 X io-®/>». 
Na€l in water at 24-05°, to 1500 kg. : 


L =35-898+1-647 X lo-^p —3-268 X io-'’p 


g f(L=grm. of salt/ 
■\ioogrm.of water). 


Mannite in water at 24-05° : 

L =20-65 + 9 ' 3 i X 10-^^ —1-806 X io-’/>*. 


The solubility may thus either increase or decrease with 
increasing pressure, and by largely varying amounts. In 
the case of naphthalene in tetrachlorethane, various empiri- 
cal formulae which vere fitted to the experimental results 
indicated a minimum of solubility at pressures varying from 
2200 to 3500 kg./cm.*. Such a minimum has not been 
found experimentally, however, and €ohen is apparently 
doubtful as to whether such a minimum is actually to be 
expected. 

In addition to these experiments on the solubility of solids 

in water, measurements have been made by Timmermans ^ 

y. 
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on the critical temperature of complete mixing of nearly 
seventy pairs of organic liquids. The pressure range reaches 
an extreme of looo kg./cm.^, but is usually of the order of a 
few hundred kg. The possibilities here are very compli- 
cated, as indicated by the theory of van der Waals. In 
particular, the domain of stable existence of the two com- 
ponents as a single homogeneous liquid phase may either 
increase or decrease with rising pressure. The results of 
Timmermans may be briefly summarised in the statement 
that the theory of van der Waals gives an adequate anticipa- 
tion of the experimental possibilities. 

Electrical Conductivity of Solutions. The measurements in 
this field cover an extensive range of materials, but the 
range of pressure is comparatively low, the highest pressure 
reached being 3700 kg./cm.® in the investigations of Tam- 
mann and some of his collaborators. 1000 kg./cm.* was the 
range of the work of Lussana, and the range of most of 
the other work was 500 or 1000 kg./cm.^. The subject is 
expanded to the extent of 66 pages in Cohen's book, where 
most of the numerical data are reproduced. Practically no 
work has been done in this field since the publication of 
Cohen's book, so that a brief discussion here will suffice. 

The first successful measurements were those of Fink ^ in 
1885, who found a decrease of the resistance of solutions of 
HCl, ZnS04, and NaCl up to 500 kg./cm.^. The effect of 
pressure decreases with increasing temperature and increas- 
ing concentration. Barus,® in 1890, showed from measure- 
ments to 150 kg. /cm, 2 that if pressure is raised simultaneously 
with temperature so as to keep volume constant, the resistance 
of ZnS04 solutions decreases with rising temperature, and 
he showed that the same is true for liquid mercury. The 
important later investigations in this field are by Roentgen/ 
Fanjung,® Lussana,® Stern,’ Piesch,® Tammann,® and col- 
laborators, particularly Korber for aqueous solutions and 
Schmidt for non-aqueous solutions. 

In general, the effect of pressure on resistance is very com- 
plicated, as might be expected from the number of factors 
involved. At ordinary temperatures and in dilute solutions 
of strong electrolytes the effect of pressure is to decrease the 
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resistance at a rate becoming less at higher pressures — that is, 
if relative resistance is plotted as ordinate against pressure 
as abscissa, thr curve is concave upwards. As the con- 
centration increases, the pressure 
effect becomes less numerically 
and the concavity increases, un- 
til a minimum appears; at still 
higher concentrations the position 
of the minimum moves toward 
lower pressures while the whole 
curve rises, until at high enough 
concentrations the effect of pres- 
sure is to increase the resistance 
from the beginning. Fig. 87, taken 
from Korber, shows a typical set 
of curves for NaCl. The details 
depend very much on the specific 
electrolyte ; thus for HCl the curve 
for a solution of concentration 
13 X normal still has a very pro- 
nounced minimum, although the 
minimum has entirely disappeared 
at a concentration of 5 x normal 
for NaCl. 

The limiting pressure effect at 
very low concentrations in aqueous 
solutions of all electrolytes is due 
to the effect of pressure on the 
conductivity of the water itself; 
this cannot be determined with 
any certainty, because of the large 
effect of minute impurities. This feature of the situation 
was first pointed out by Tammann. 

For weak electrolytes, that is electrolytes only slightly 
dissociated in ordinary concentrations, the initial pressure 
effect rapidly increases with increase of concentration until 
at something less than o-ooi normal it is four times as great 
as the initial effect at concentrations much lower, but still 
high enough so that the effect on the water itself is negligible; 



Fig. 87. — Electrical resistance o 
solutions of sodium chloride 
of various strengths as a func- 
tion of the pressure. The re- 
sistance at atmospheric pres- 
sure is taken as unity for each 
strength. 
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from here on it decreases with increasing concentration, 
qualitatively like solutions of strongly dissociated electro- 
lytes. For solutions of medium dissociation the effect is 
between these two, the initial pressure effect passing through 
a pronounced maximum at concentrations of the order of 
magnitude of normal. 

In analysing these results there are at least font effects to 
be distinguished: (i) the pure volume effect, arising from the 
compression of the solution, thereby bringing more ions into 
unit volume; (2) the effect of pressure on the mobility of 
the ions, which one would expect as a first approximation to 
run parallel with the effect of pressure on the viscosity of the 
solution ; (3) the effect of pressure on the degree of dissocia- 
tion; and (4) the effect of pressure on the dissociation, and 
so the conductivity of water itself. The fourth effect may 
be disregarded for all except the most highly dilute solutions. 
If the solution is a moderately dilute one of a strongly dis- 
sociated electrolyte, the third effect may be disregarded, 
since the dissociation may be regarded as complete at all 
pressures, and the two first effects are left. The first effect 
may be calculated from the known compressibility, leaving 
only the second. This calculation has been made by Kor- 
ber, and not with the expected results. The initial effect of 
pressure on mobility turns out to be negative, and there is a 
reversal to positive at higher pressures, as would be expected, 
since the initial effect of pressure is to decrease the viscosity 
of water, and then at higher pressures to increase it. But 
here the resemblance ceases; the pressure of reversal is in 
most cases much higher than the pressure of reversal of the 
viscosity of pure water. For example, LiCl and HCI show 
no reversal at all up to the maximum pressure of the experi- 
ment, 3000 kg./cm.®. The pressure effect on mobility varies 
greatly in magnitude with the nature of the dissolved elec- 
trolyte. I do not see how these effects can be explained 
without supposing some specific effects on the ions them- 
selves, such as a distortion under pressure, so that the net 
effect on mobility is a combination of the effect of the chang- 
ing viscosity of water and that arising from the change of 
effective figure of the ions. This change of effective figure 
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may involve the attraction of the ions for the surrounding 
molecules of water, and will involve the dielectric constant 
of water and the effect of pressure on it. In one respect the 
pressure coefficient of mobility acts as would be expected, 
namely, the effect on a specific ion is independent of the 
other ions with which it is associated. This is shown by 
the fact that the difference of the pressure effect on the 
mobilities of KCl and NaCl and KI and Nal are the same, 
within experimental error. This is also consistent with the 
suggestion that there must be a deformation effect on the 
ions themselves. 

If the salt is only feebly dissociated, the pressure effect 
contains, in addition to the pure volume and mobility effects, 
an effect due to the change of dissociation with pressure. 
This may be calculated in some cases from data on other 
salts in which the same radicals occur in other strongly 
dissociating combinations, so that only the first and second 
effects occur. The relative change of dissociation for 500 kg. 
is a function of concentration, and for a typical case discussed 
by Tammann this may be as much as i per cent, at very 
small concentrations, but rise to as much as 10 per cent, for 
concentrations from i/iooo to ten times normal. 

The effect of a combination of pressure and temperature 
on the resistance of electrolytes has been investigated by 
Lussana and Korber. If the resistance isotherms are plotted 
against pressure at constant concentration a family of curves 
will be obtained very much like fig. 85, which shows the 
curves of resistance against pressure for different concen- 
trations at constant temperature, the progression in the 
family, from lower to higher temperatures being qualitatively 
the same as in the other family from lower to higher concen- 
trations. It appears, however, that the highest temi>erature 
yet reached, nearly 100°, is not high enough to make the 
pressure coefficient of resistance positive at all pressures, 
although this is possible in the other family of curves by 
going to concentrated enough solutions. 

Non-aqueous solutions have been investigated only by 
Schmidt, who measured with Tammann’s apparatus the 
effect of pressures up to 3000 kg./cm.^ on the conductivity 
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of several strongly dissociated electrolytes and one feebl> 
dissociated electrolyte when dissolved in methyl, ethyl, iso- 
amyl alcohol, glycerine, and a number of other organic 
solvents. At low concentrations of the strongly dissociated 
salts the effects are as might be expected. The viscosity of 
these organic solvents increases with rising pressure, so that 
for this reason the resistance would be expected to increase. 
The compressibility effect works in the other direction to 
decrease the resistance, but numerically the relative change 
of volume under pressure is much less than the relative 
change of viscosity, so that the net effect would be expected 
to be an increase of resistance. This turns out to be the 
case ; for this class of substance the plot of resistance against 
pressure looks very much like the curves at high concentra- 
tions for aqueous solutions. The upward curvature is what 
might be expected in view of the accelerated effect of pressure 
on viscosity at high pressures. 

In non-aqueous solutions of weakly associated electrolytes, 
on the other hand, the effect of pressure in increasing the 
dissociation and so decreasing the resistance may exceed the 
effect on viscosity in increasing the resistance, with the net 
result that the resistance of these substances decreases with 
rising pressure. The direction of curvature is the same — 
that is, concave upward for weakly as well as strongly dis- 
sociated electrolytes ; in some cases the curvature is sufficient 
to result in a minimum resistance at pressure below 3000 
kg./cm.*. 

The effect of temperature at constant concentration on 
dilute solutions of strong electrolytes is opposite in non- 
aqueous and aqueous solutions. In non-aqueous solvents 
the effect of increasing temperature is to diminish the pres- 
sure effect on viscosity, whereas in water the pressure effect 
assumes larger positive values as temperature increases, the 
net effect being that the order of isotherms in the two families 
representing the pressure effect at different temperatures is 
the reverse for aqueous and non-aqueous solutions. There 
are greater irregularities in non-aqueous than in aqueous 
solutions, for the reason that even the strongly dissociated 
electrolytes in non-aqueous solutions are not usually more 
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than from 0*5 to o-8 dissociated, so that in no case is the 
effect of pressure on dissociation entirely to be neglected. 

In comparing the pressure effects in different non-aqueous 
solutions of a singly strongly dissociated electrolyte, Schmidt 
discovered the empirical rule that the logarithm of resistance 
is very nearly a linear function of pressure. Schmidt had 
at that time no measurements of the effect of pressure on 
the viscosity of his pure solvents, but his empirical rule is 
obviously closely connected with the result of my viscosity 
measurements, namely, that to a first approximation log 
viscosity is linear in pressure. Schmidt measured the effect 
in ten solvents; of these, five have been measured by me at 
high pressures. The order of the effect found by Schmidt on 
pressure coefficient of resistance is the same as the order of 
the pressure effect on viscosity for the three solvents with 
the smallest pressure coefficient of resistance, methyl and 
ethyl alcohols and acetone, but the parallelism is by no means 
close, and in fact, while the pressure effect on viscosity at 
low pressure is the same on acetone, nitrobenzene, and 
glycerine, the effect on resistance is more than twice as 
great for glycerine as for acetone, with nitrobenzene inter- 
mediate. 

The Effect of Pressure on Dielectric Constant Before any 
experiments were made on this subject there was the 

theoretical expression of Clausius-Mosotti, ^ =const., 

to indicate what might be expected. The first measurements 
were by Roentgen in 1894, who showed that the dielectric 
constant of water and alcohol is changed by less than i per 
cent, by 500 kg. /cm.*, although the formula would demand 
very much larger changes. Ratz,^* in 1895, was able to make 
quantitative measurements to 250 kg. /cm.* on water and a 
number of organic liquids, and found the dielectric constant 
to be increased by pressure, but by an amount very much 
smaller than is demanded by the Clausius-Mosotti expression, 
the discrepancy sometimes being as much as tenfold. 
Ortvay,^* in 1911, measured a number of organic liquids to 
500 kg./cm.* and found € to increase with pressure as a 
quadratic function of pressure {€==€Q{i+ap + pp^)), a being 
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positive and j8 negative. The Clausius-Mosotti expression 

^ was found to decrease under 500 kg./cm.* by 1*3 per 

cent, in the case of ether, and i-iy per cent, in the case of 
benzene. The investigation of the effect of pressure on gases 
was taken up at about this time in several papers by Occhia- 
lini and Occhialini and Bodareu,^* who established that up 


to 350 kg./cm.* 


; “f"2 d 


is constant within experimental error 


for Hj, Nj, Og, and COj, but that r-, another expression of 

a 

considerable historical importance, is not constant. In 1920 
Falckenberg used a high-frequency method, which enabled 
him to work with liquids of higher conductivity than had 
been possible by previous methods, and measured up to 200 
kg./cm.* the dielectric constant of water, ethyl alcohol, 

methyl alcohol, and acetone. It was found that ^ ^ . 5 is 

e -\-2 d 


distinctly not constant, but that 



is more nearly so. 


This is surprising in view of the results of Occhialini on gases. 
In 1923 Waibel ** used a resonance method of high precision 
with high frequencies to measure the effect up to 130 kg./cm.* 
on CSj, hexane, C,Hg, and air. His results for the latter 
checked those of Occhialini, and for the others the compressi- 
bility is not known accurately enough to permit a check of 
the Clausius-Mosotti relation. In 1925 Charlotte Franck 
measured benzene, hexane, pentane, and CCI4 to 800 kg./cm.*. 
« was found to increase with pressure, with the curvature 
found by other observers. Only for benzene are the com- 
pressibility data known accurately enough to permit a check 
of the Clausius-Mosotti relation; here the ‘constant’ of this 
relation decreases from 0-338 at atmospheric pressure to 
0*330 at 700 kg./cm.*. Also in 1925 Grenacher *® used a 
high-frequency method of great precision on a number of 
organic liquids, not all of them good insulators, but his 
pressure range was only 60 kg./cm.*. The method was 
delicate enough to detect departures from linearity in this 
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range. The Clausius-Mosotti 'constant' decreases for toluol 
by an amount estimated to be beyond experimental error; 
the other liquids could not be tested because of insuiB&cient 
knowledge of compressibility. 

By far the most extensive published work in this field is 
by K5^opoulos in 1926, who measured with Tammann’s 
pressure apparatus the effect up to 3000 kg./cm.* on ethyl 
alcohol, methyl alcohol, ethyl ether, CSj, CHCls, petroleum 
ether, CeH(, CCI4, acetone, water, and p5nidine. When e is 
plotted against pressure, a curve with the same curvature 
as that found by other observers is obtained. The Clausius- 
Mosotti expression applies very approximately to ether and 
CSj, but fails for water, acetone, and the two alcohols. The 
other liquids could not be checked because of ignorance of 

the compressibility. is approximately constant for 

a 

CS,, but is distinctly not constant for the others. The 
liquids for which the Clausius-Mosotti relation does not hold 
are known to be associated; Kyropoulos sees a possible 
explanation of the failure of the formula in the formation of 


complex molecules with smaller polarity. If ^ 

plotted against pressure, a curve will be found of such a 
shape that a horizontal asymptote is not impossible at high 
pressure, where the effect of association may be supposed to 
be completed. 

In addition to these published investigations, there are 
experiments as yet unpublished made by Z. T. Chang with 
my high-pressure apparatus. The results are preliminary 
in character; the materials examined were toluene, CS,, 
n-pentane, n-hexane, ethyl ether, and i-amyl alcohol, and 


measurements were made at 30® and 75° up to 12,000 kg./cm.*. 

, .r« — I I e— I ^ Ve — I 

The change of . 3, — j— » and — 3 — produced by pressure 

6 - 1-2 a a a 


was calculated. The first of these expressions was by far 


the most nearly constant ; it always decreased with increasing 


pressure and by about 3 per cent, for toluene and CS,, but 
by 187 per cent, for i-amyl alcohol. 
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This investigation is at present being continued by another 
of my students, Mr. W. E. Danforth, jun. 

Pressure on Index of Refraction. This was a favourite sub- 
ject for investigation fairly early, because the sensitiveness 
of interference methods was so great that comparatively 
large effects could be obtained with small pressures, and 
therefore no special demands were made on the pressure 
technique. The earliest experiments are probably those of 
Jamin,22 who in 1857 and 1858 measured with his refracto- 
meter the effect of pressures up to 2 atmospheres on the 
index of refraction of water, and found that within his limits 

— I 

of error — 5— was constant. Mascart,*® in 1874, also observed 
a 


the effect on water up to a few atmospheres in a Jamin inter- 
ferometer. His results do not agree with those of Jamin and 
are intrinsically improbable, because he found the effect of 
pressure to increase at higher pressures. Mascart incidentally 
made an interesting observation of the thermal effect of com- 
pression by counting the fringes passing after a sudden 
release of pressure. In the same year Mascart obtained 
results on nine gases up to 8 atmospheres, and believed that 

— I 

he had established the law — - — = const, within his limits of 


error, which were, however, rather large. Quincke,** in 
1883, obtained results on a number of liquids to a few atmo- 
spheres, which were later questioned by Roentgen, and which 
probably are not very rehable. Between 1883 and 1887 
Chappuis and Riviere *® published several determinations of 
the effect of pressure up to about 20 kg. on the refraction 

^ j 

of air, CO 2, and cyanogen. Both the expressions — ~ ==const. 

a 


and 




n*+2 ' d 


= const, reproduce within experimental error 


the results for these three gases. In 1888-91 Zehnder and 
Roentgen 2** published the most extensive work yet done 
on liquids. Their method offered no novel features, and the 
pressure range was only a few atmospheres. Measurements 
were made on water, CSg* C^He, ethyl alcohol, methyl alcohol, 
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n-propyl alcohol, i-propyl alcohol, n-butyl alcohol, and amyl 
alcohol. In order to compute the * refraction constant,' 
special measurements were made of the compressibility of a 
number of these liquids. It was found that neither of the 


expressions 


n- 


-I 

or 


-I I 


is constant; the variations of 


d n^+2 * d 

both are about the same on the average, and the directions 
of the discrepancies are opposite. 

Since Roentgen and Zehnder, practically all the measure- 
ments in this field have been restricted to gases. Carnazzi,®* 
in 1897, claimed to have found consistent departures from 
Gladstone and Dale's law (which states the constancy of 

ft — I 

-) in air, Hg, and CO 2 up to 5 atmospheres. In 1902 


d 


Gale could find no variation in 


n- 


d 


for air up to 19 atmo- 


spheres. Kaiser,^® in 1904, investigated air, CO2, SOg, and 
Hg at pressures below i atmosphere, and found the change 

dn 

of index to be linear in pressure — that is, — ==A(i + a^). The 

dp 

constant a was not the same as that in the equation which 
expressed the dependence of density on pressure, so that 
neither Gladstone and Dale's nor the Lorentz-Lorenz expres- 
sion holds. In 1904 Magri measured the index of air to 
176 atmospheres, n increases more rapidly than indicated 
n — I 

by the formula — — =const., and above 30 atmospheres 
d 

w* — I I 

. 2 =const. reproduces the results, whereas below 30 

atmospheres the experimental accuracy is too low to answer 
the question as to which expression is better. Between 1911 
and 1913 Siertsema and de Haas ®* published several papers 
on the refraction and dispersion of air, H,, and CO, up to 
100 kg./cm.®. They found that the Lorentz-Lorenz expres- 


Nci* 


■, reproduces the results over the 


range of the visible spectrum and over their pressure range. 
Finally, in 1917, Posejpal *® published results on air up to 
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20 atmospheres. He finds that if his results are expressed 
in the form n—i=Kp(i + ^p), /3 must be a function of pres- 
sure, varying nearly inversely as the pressure up to 4 atmo- 
spheres, and from here on decreasing more slowly. Neither 

” ■ ^ nor ^ ^ ^ is constant in his range, but both increase 

a n *-\-2 d 

up to 20 atmospheres by about 0-25 per cent. In the range 
common to his work and that of Kaiser there are large 
discrepancies. 

Evidently there is a fruitful field here for future investiga- 
tion. It would be most interesting to compare the pressure 
effect on index with that on dielectric constant to really 
high pressures. The question of method is a difficult one. 
The simple interference methods which are adequate at low 
pressures can no longer be apphed, because of the very great 
distortion of the glass windows. 

The Effect of Pressure on the Rotation of the Plane of Pdart- 
sation by Solutions. This effect has apparently been 
attempted only once, by Siertsema,** who measured the 
effect of pressures up to 100 kg./cm.* on the rotation of sugar 
solutions of various strengths. The method was to almost 
entirely compensate for the rotation of the solution by a 
quartz plate, made very slightly wedge-shape. If the com- 
bination of quartz plate and solution is placed between 
crossed nicols, the quartz plate will be crossed by a black 
band, the location of which depends on the total rotation of 
the solution ; if the rotation of the solution changes, the dark 
band will be displaced. In order to eUminate the effect of 
the very large double refraction in the windows produced by 
pressure, it was necessary to mount both the quartz plate and 
the nicols in the pressure chamber between the windows, 
where they were exposed only to hydrostatic pressure. The 
shifted black band was brought back to zero by rotating 
the nicols through a known angle; the amount of rotation 
measured the effect of pressure on the net rotation of quartz 
plate and solution together. The amount of rotation required 
was so small that it could be produced merely by twisting one 
end of the tube with respect to the other. The rotation 
produced by pressure in the quartz was not directly deter- 
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mined, but was calculated from measurements of Voigt of 
the compressibility, a somewhat questionable procedure. In 
any event this effect was small compared with the effect 
on the solution. The final result was that the rotation of 
sodium light is increased by pressure by a fractional amount 
independent of concentration over the range investigated 
(up to something of the order of 30 grm. of sugar per lOO 
grm. of water), the amount being about 0-26 per cent, per 
100 kg./cm.*. 

Siertsema discussed his results from the point of view of 
Tammann’s theory of solutions, namely, that the effect of 
an increase of external pressure is equivalent to the effect of 
adding solute and so increasing the internal pressure, and 
found agreement in some cases, but in other cases considerable 
discrepancies. 

The Effect 0! Pressure on the Break-down Strength ol 
Dielectrics. Considerable work has been done on this sub- 
ject from a purely commercial point of view. The general 
result of increasing the pressure on either a liquid or a gaseous 
dielectric is to increase the voltage necessary for producing 
a spark between terminals a fixed distance apart. It will be 
sufficient to mention only one investigation, that of F. Koch,** 
in which the various questions are examined from a wider 
point of view than necessary for the purely engineering 
applications in mind. His measurements were made up to 
a maximum of 100 atmospheres. He was able to observe no 
effect on solids up to 50 kg./cm.*, the maximum pressure to 
which they were examined. For liquids he found in the first 
10 kg./cm.* a large increase of dielectric strength, which was 
nearly linear with pressure; above 10 kg./cm.* the increase 
was slower, and for many liquids an asymptotic value was 
apparently reached at a pressure of 70 or 80 kg./cm.*. In 
liquids completely free from water the maximum effect was 
an increase of dielectric strength by about fivefold. There 
is a time effect involved, as shown by the fact that the 
break-down strength was greater for alternating than for 
direct current. Koch is of the opinion that the maximum 
strength is set by the detachment of electrons from the 
metal electrodes by the high field. The asymptotic value 
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of the field is of the order of 900 KV/cm. ; it is to be noticed 
that this is materially lower than the field necessary to pro- 
duce cold electron emission in vacuum tubes. 

The Effect of Pressure on Electro-motive Force. It was 
known comparatively early that the e.m.f. of a cell depends 
on the state of stress of the metals of the electrodes. Ap- 
parently Bichat and Blondlot,^® in 1883, were the first to 
find a positive effect of a hydrostatic pressure acting uni- 
formly on all parts of the cell. They found that the e.m.f. 
of the combination (Cu — CUSO4 solution — Pt) was changed 
by about o*ooi volt by a pressure of 100 kg./cm.*, and that of 
the cell (Pt — AgNOg solution — Ag) by about one-half as much. 
Gilbaut,^’ in 1891, found that a pressure of 500 kg. alters 
by appreciable amounts the e.m.f. of several types of cell, 
of which the Daniel cell (Cu — CUSO4 solution — ZnS04 solution 
— Zn) was the most important. In 1901 Rolla Ramsay 
applied pressure up to 300 kg./cm.^ to the Clark and the 
Weston cells, and measured the change of e.m.f. 

There is a thermodynamic relation connecting the effect of 
pressure on the e.m.f. of the cell with the change of volume 
when one coulomb of electricity passes through it. This is: 




• p 


Here E is the e.m.f. of the cell, p the external pressure, t the 
absolute, temperature, v the total volume of the cell, and e 
denotes the quantity of electricity which has flowed through 
the cell, all measured in consistent units. The subscript e in 

the derivative means that no current flows, or the 

e.m.f. is to be taken on open circuit. The derivative 

means the change of volume of the cell after unit quantity 
of electricity has flowed through it, pressure and temperature 
remaining constant. 

Both Gilbaut and Ramsay discussed their results from the 
point of view of this formula, but without much success, as 
shown by a detailed critique by Cohen. The requirements 
in the physical system to which the formula may be applied 


dv\ 
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are rather exacting; the cell must be reversible, it must be 
perfectly reproducible, and the chemical nature of the reac- 
tions taking place must be perfectly understood. Cohen and 
his collaborators have made an elaborate study of the effect 
of pressure up to 1500 kg. on the e.m.f. of a number of cells 
carefully selected to satisfy the above requirements, and their 
work in this field must be recognised as by far the most im- 
portant that we have. In Cohen’s book on Piezo-Chemistry 
will he found detailed results for eighteen different cells of 
various types. The volume changes are also determined in 
order to permit a comparison with the thermodynamic 


dl£, 

formula. The pressure coefficient, — (pressure expressed in 

op 

atmospheres) varied from -t-8 x 10-® for the cell (Cd amalgam 
— CdS04 solution — HgS04 — Hg) to — 2-5Xio-* for the cell 


aE 

(Zn amalgam — ZnCl solution^ — AgCl — Ag). — varies some- 

dp 

what irregularly with pressure, in general decreasing numeri- 
cally at higher pressure. The agreement between the 
observed value and the value computed from the volume 
change may be characterised as fair, the discrepancies some- 
times rising to as much as 10 per cent. Cohen, in his Baker 
lectures at Cornell, says that the agreement leaves much to 
be desired, and that new investigations should be made in 
which the compressibility of the material of the cells is taken 
into account. 

The Effect of Pressure on Magnetic Permeability. In 1883 
Tomlinson made an unsuccessful attempt to detect an 
effect of hydrostatic pressure on magnetisation, and was 
able to show that if the effect exists it is of a smaller order 
of magnitude than the effect of a one-sided tension or com- 
pression. The existence of the effect was first established by 
Nagaoka and Honda in 1898, who were able to measure 
the effect produced by 225 kg./cm.® on the magnetisation of 
Fe and Ni. They found the magnetisation of Fe to be 
decreased by pressure, while that of Ni was increased. The 
volume changes accompanying magnetisation were also 
measured and compared with the magneto-striction theory 
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of Kirchhoff. Theory and experiment failed to check, there 
being sometimes discrepancies even of sign. 

In 1905 Miss Frisbie,*' at the University of Chicago, 
measured the effect of pressure to 1000 kg./cm.* on the per- 
meability of annealed and unannealed iron. The effect of 
pressure on annealed Fe is to increase the permeability at all 
fields up to the maximum of 917 Gauss, but the effect on 
unannealed Fe was to decrease the permeability up to 5 Gauss, 
where the effect reversed, the permeabiUty increasing above 
this value of the field. Except for the anomalous effects on 
unannealed iron at low fields, the sign of the effect agrees 
with the demands of the thermodynamic theory of Kirchhoff. 

In 1925 C. S. Yeh ** published the results of measurements 
on Fe, Co, Ni, and two grades of steel up to 12,000 kg./cm.* 
made with my pressure apparatus. Yeh’s method was a 
ballistic method on toroidal specimens. In order to attain 
regular results it was found that the specimens must be very 
carefully demagnetised before each reading; imperfect de- 
magnetisation was doubtless responsible for the anomalous 
results of both Nagaoka and Honda and Miss Frisbie. Over 
the entire pressure range up to 12,000 kg./cm.* Yeh found 
the percentage change of magnetisation at constant H to be 
linear with pressure for Fe, steel, and Co, but in the case of 
Ni the effect increases at a slightly accelerated pace at the 
higher pressures. The nature of the effect depends very 
markedly on the field. Yeh’s maximum was about 100 
Gauss. For pure Fe magnetisation decreases under pressure. 
The change AB/B, has a sharp minimum at —5-5 per cent, 
per 1000 kg. at H =i-2, and at higher pressures appears to 
approach the value o asymptotically. The effect on Ni is of 
the opposite sign; its magnetisation is increased by pressure, 
and the effect has a sharp maximum at about 4-5 per cent, 
per 1000 kg./cm.* at H=i-3. The effects are qualitatively 
the same for Fe with carbon as for pure Fe, but the minimum 
becomes somewhat less sharp and moves toward higher fields 
with increasing carbon content. The effects for Co are more 
complicated. At fields under 30 Gauss AB/B# per 1000 
kg./cm.* is negative, nearly independent of the field, and 
equal approxipaately to — 0’2 per cent. In the neighbour- 
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hood of 30 Gauss AB/Bq rises rapidly, and increases from 
o-i per cent, at 35 Gauss to 0-4 per cent, at 80 Gauss. 

The retentivity of Fe was found to decrease under pressure. 

Yeh also made a theoretical analysis of the situation, and 
showed that the volume change accompanying magnetisation 
may be analysed into two parts; one is prominent at low 
fields and involves the pressure effect just discussed. The 
second involves the elastic constants and the total H, and 
continues to increase in magnitude after saturation has been 
reached. These two effects may act in opposite directions. 
The experimental results agree qualitatively with this analysis ; 
the volume changes were not measured, so that no quanti- 
tative comparison was possible. 

Since Yeh, Mr. R. L. Steinberger has made similar measure- 
ments with similar apparatus, on the series of Fe — Ni alloys. 
The results, which are complicated, are as yet unpublished. 

The Effect of Pressure on Reaction Velocity and Belated Effects. 
The first successful attempt to detect an effect of pressure 
on a reaction velocity was by Roentgen,*® who, in 1892, 
discovered that a pressure of 500 kg./cm.® decreases the 
velocity of the inversion of cane sugar by dilute HCl in 
aqueous solution. He explained this effect by a decrease 
of dissociation of HCl produced by pressure, an assump- 
tion contrary to the demands of thermodynamics that 
dissociation should be increased because of the volume 
relations. Rothmund,** in 1896, verified the results of 
Roentgen, and found quantitatively a decrease of inversion 
velocity of about i per cent, per 100 kg./cm.*. On the other 
hand, Rothmund found that the velocity of saponification of 
methyl and ethyl acetate by dilute HCl is increased by 500 
kg./cm.* by about 20 per cent. The effect was apparently 
proportional to pressure over this range. Stern,** also in 
1896, studied the effect of a pressure of 500 kg. on the velocity 
of inversion of sugar solutions of a variety of strengths by 
a number of kinds of acid. The inversion velocity is decreased 
by pressure when the acid is HCl, H 2 SO 4 , or oxalic acid, and 
the effect is smaller the smaller the concentration of the acid. 
On the other hand, the velocity is increased by pressure with 
phosphoric and acetic acid, and the increase is greater the 
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smaller the concentration of the acid. The pressure effect 
produced by HCl is nearly independent of the strength of 
the sugar solution, while in phosphoric acid the pressure effect 
increases with decreasing sugar concentration. The pressure 
effect is nearly independent of temperature between 15® and 
25° C., although temperature itself has a very large effect on 
the velocity of inversion. 

The most extensive work in this field has been done by 
Cohen and his collaborators, de Boer, Valeton, Kaiser, and 
Moesveld, over their regular pressure range of 1500 kg./cm.*. 
Reference may be made to Cohen and Schut, Piezochemie, 
and to Cohen’s Cornell lectures for some of the details of this 
work. There is a recent paper by Moesveld and de Meester ** 
dealing with some of the puzzling theoretical questions, in 
which a compact summary will be found of all the experi- 
mental work at Utrecht. Twenty-eight different reactions 
have been studied; besides the inversion of sugar solution 
and the reaction of bromic and hydrobromic acid, all the 
other reactions have been saponifications of one sort or 
another in liquid solutions of various compositions. In 
most cases the effect of pressure is to increase the reaction 
velocity; the maximum effect is an increase of 4'5-fold pro- 
duced by 1500 kg. on the saponification of bornylacetate in 
a 19 per cent, solution of propyl alcohol. In those cases 
where the effect is not proportional to the pressure, it was 
found that the effect becomes accelerated at high pressures, 
an effect the reverse of usual. 

The great complication of the effect has been emphasised 
by Cohen, who feels that the results compel the conclusion 
that pressure exerts a specific effect on velocity. No ordin- 
ary considerations of the reaction velocity as affected by the 
number of collisions, which in turn may be affected by volume 
changes or changes of viscosity or association, are competent 
to explain the variety of the effects. The paper of Moesveld 
and de Meester is the beginning of an attempt to explain 
the specific effects. It is recognised that the deformation of 
the molecules is one of the elements which affect their ability 
to enter into a reaction, and this deformation may be a 
complicated function of the pressure and the medium in whidi 
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the molecule is suspended. The whole question of activation 
of the molecules is also concerned. In view of the difficulty 
which has been experienced until quite recently in dealing 
with such a comparatively simple situation as monomolecular 
reactions in gases, it is evident that we may have to wait 
some time for a satisfactory untangling of the relations in 
this very much more complicated situation. 

Closely connected with this question of reaction velocity are 
some measurements carried out by Professor J. B. Conant 
with my high-pressure apparatus. I had already found early 
in my high-pressure work (B. i8) that egg-white and the 
proteids of meat may be coagulated by the action of pressures 
of the order of 6000 kg. at room temperature or lower. The 
nature of these processes is not at all understood, but the 
results at any rate suggest that pressure may produce irrever- 
sible reactions in organic compounds in a number of other 
cases. Professor Conant has begun a systematic attack on 
the whole problem, and already has a number of results. 
One of the most interesting cases is that of isoprene, which is 
polymerised by the action of pressure to a transparent solid 
that is essentially rubber. The amount of polymerisation 
increases very rapidly with increasing pressure. Thus, in 
one series of experiments the apphcation of 6000 kg./cm.* for 
48 hours produced only 10 per cent, polymerisation, whereas 
polymerisation was practically complete after 12,000 kg. 
had been applied for 50 hours. The effect of pressure on 
this reaction has been studied up to 20,000 kg./cm.*, where 
70 per cent, polymerisation was observed in one experiment 
after 3 hours. On the other hand, at pressures of the order 
of a few hundred kilograms, there is no perceptible effect 
after the lapse of weeks. Dimethyl butadiene polymerises 
much Uke isoprene. Styrene and indene showed similar 
effects. Isobut3U'aldehyde and n-but5a-aldehyde were con- 
verted to a soft waxy solid of unknown nature by the action 
of 12,000 kg./cm.* for 40 hours. This reaction was not 
permanent, but the soUd slowly reverted to the original 
liquid on standing. This is probably a case of displaced in- 
ternal equilibrium under the action of pressure. The effect 
of pressure on carboxyhemoglobin was studied in particular 
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detail; this is converted by the action of pressure into 
a form insoluble in water, but soluble in dilute alkalies. 
Within experimental error the reaction runs as a first order 
reaction, the velocity of the reaction being a strong function 
of pressure; the rate of reaction also depends on the acidity 
of the solution. 

The explanation of these effects is still obscure. They are 
not intimately connected with the volume effect. Thus the 
polymerisation of isoprene at 20,000 kg./cm.* takes place 
with practically no volume change, although at atmospheric 
pressure the volume of the rubber is much less than that of 
the isoprene. Several liquids were tried which are known 
to have isomeric or polymeric forms of much smaller volume, 
but in no case was the form of smaller volume produced by 
pressure. The most striking of these is fumaric acid, which 
is an isomer of maleic acid, with 2-8 per cent, smaller volume. 

There are other related effects of pressure on certain 
biological phenomena. It has been known for some time 
that pressures of the order of several thousand kilograms 
will kill micro-organisms. Experiments made at the West 
Virginia Experiment Station ** showed this for a number of 
organisms, and the effect has recently been confirmed by 
Stuart Ballantine in unpublished experiments made with my 
apparatus. This effect has not been fully analysed, but is 
doubtless connected with the coagulation of the proteids of 
the organisms. Different organisms differ greatly in their 
resistance to the action of pressure. 

Another biological effect was studied by P. A. Davies ** 
at my suggestion. It is well known to seedsmen that certain 
seeds are very slow to germinate. White clover is a good 
example; it is not uncommon for only 20 per cent, of the 
seeds to germinate the first year after sowing, and for ger- 
mination to continue at a roughly uniform rate for five years. 
This difl&culty of germination probably entirely resides in the 
impermeable outer covering of the seed. Methods have been 
devised for destroying the impermeability of the coating by 
blovdng the seeds against coarse sand-paper, or by the action 
of strong sulphuric acid. But the injury to the seeds pro- 
duced by these methods is often so great that there is no 
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resulting advantage. Davies found that very large increases 
in the germination of white clover {Melilotus alba) and alfalfa 
{Medicago saliva), rising in one case to as much as 90 per 
cent, germination for the treated seeds, against 25 per cent, 
germination for the untreated seeds, could be obtained by 
exposing the seeds to hydrostatic pressure in water. Two 
pressures were investigated, 500 and 2000 kg./cm.*. The 
best results were obtained with 2000 applied for something 
of the order of 10 minutes. Pressures much higher than 
2000 kill the seeds. The effect is apparently permanent, 
in that the seeds may be dried after exposure to pressure, 
and germination tests made up to ten months after treatment 
show the superiority of the treated seeds. The precise nature 
of the effects was not discovered. Microscopic examination 
disclosed no cracks in the external covering of the seed, 
which was unaltered in appearance. After the termination 
of these experiments, I found that De Vries had obtained an 
increased germination in the seeds of the evening primrose 
by the application of the few atmospheres’ pressure that 
could be obtained from the city water-mains. His explana- 
tion of the effect was that in the seed-covering there are very 
fine capillary passages filled with air, which by capillary 
action resist the entrance of water. The air may be removed 
from these channels by the application of pressure, making 
the interior accessible to water. This can hardly be the 
explanation of the effect studied by Davies, for if this were 
the explanation, the optimum pressure should not be as 
high as 2000 kg./cm.*. The experiments of Conant suggest 
the possibility that there may be a chemical reaction involved. 

Oi>tical Absorption ondor I^essoie. The effect of pressure 
on the optical absorption of various materials has been 
measured by Miss Frances G. Wick,®® up to about 3500 
kg./cm.* in my laboratory. The technique for mounting the 
glass windows is described in that paper; since it has now 
been improved it is not necessary to describe it in detail. 
It would probably have been possible to exceed 3500 kg./cm.*, 
but as it was there were breakages of the windows, which 
would doubtless have been more frequent if the pressure 
range had been extended. If the apparatus is to be kept 
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simple, it is not possible to measure the effect of pressure on 
absolute absorption, because of the unknown effect of pressure 
on the absorption of the windows and the transmitting liquid. 
To eliminate these would have demanded the use of differ- 
ent pieces of apparatus of different dimensions. Miss Wick 
confined herself to the easier observation of such effects on 
absorption bands as displacement or broadening or narrowing 
or intensification. The observations were mostly qualitative 
in character. None of the effects found were striking, but de- 
manded rather careful examination of the photographic plates 
to establish them with certainty. The most marked effects 
were found in aqueous solutions of the salts of neodymium. 
In general, the effect of increasing pressure is similar to that 
of decreasing temperature or decreasing concentration, 
in that many of the absorption bands become narrower 
and unsymmetrically sharper. Not all bands are affected; 
the same ones are affected by pressure, temperature, and 
concentration. In one respect pressure has an effect not 
shown by temperature or concentration, in that some of the 
bands are shifted in position; this shift is usually toward 
the red, but one band, that at 4272 A. units, is shifted toward 
the violet. The shifts produced by 3500 kg. are of the order 
of 10 A. or less. To give an idea of the magnitudes involved, 
the description of the effect on the fine blue band at 4272 A. 
may be quoted. " The total width of the band in a solution 
0-287 normal at ordinary pressure is about 15 A. The effect 
of a pressure of 1500 kg. is to narrow the red side about 8 A., 
to shift the violet edge about 2 units towards the longer 
wave-lengths, and to reduce the width of the whole band to 
about 5 units.” As a rough qualitative indication, the effect 
of increasing pressure to 3500 kg. was much the same as that 
of lowering temperature to —60° C. Other aqueous solutions 
of the praseodymium salts, erbium nitrate, the uranyl salts, 
and cobalt chloride showed smaller effects, in some cases so 
small that the existence of an effect could not be regarded as 
definitely established. The pressure effect was also measured 
on a number of glasses of different colours of the Coming 
Glass Company. Several of these, including one coloured 
with didymium salts, were not perceptibly changed by 1400 
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kg./cm.*. Two orange glasses, G34 and G36, were made 
distinctly more yellowish by the application of 3700 kg./cm.*, 
the transmission band in the red being shifted toward the 
violet. A red glass, G20, showed a similar displacement and 
also a very noticeable increase in the total amount of light 
transmitted. The effect of pressure on these three' varieties 
of glass is similar to that of lowering temperature. The 
transmission band in the far red of s)mthetic ruby was some- 
what sharpened and shifted toward the violet by 1600 kg., 
an effect similar to that of lowering temperature. 

Recently Collins “ has studied in my laboratory the effect 
of pressure on certain absorption bands in water, methyl and 
amyl alcohols, and toluene. The pressure range was 5000 
kg./cm.* for the first three liquids and 8000 for toluene. A 
considerable effect was expected, because these bands are 
molecular bands, and theory indicates that the effect of 
pressure on strongly polar liquids like these should be to very 
materially increase the polymerisation — that is, to change the 
molecular structure. However, no change could be found 
either ifi the spectral position or the intensity; the matter 
obviously needs further theoretical study. 

The Effect of Pressure on Surlace Tension. There appears 
to have been only a single attempt to measure the effect 
of pressure on surface tension, by Lynde ** in 1906. The 
method was to measure the difference of height of the 
surface of separation of two liquids in the two arms of a 
U-tube of different diameters. The lower part of the U-tube 
contained one liquid, often mercury, and the upper part and 
all the rest of the pressure apparatus the other liquid. The 
level of the mercury in the two branches was observed through 
windows, which limited the range to 400 kg. The surface 
tension between the following pairs of liquids was measured ; 
water-mercury, mercury-ether, water-ether, chloroform-water, 
and CSj- water. It is difficult to know how much significance 
to attach to the results, which were quite irregular, varying 
sometimes by two- or threefold for different measurements 
of the same pair. The relative displacement of the surfaces 
under the highest pressure was i mm. at the maximum, and 
usually about one-third of this. However, it was possible 
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to establish with lair certainty that the effect was inde- 
pendent of the absolute size of the capillary, so that there is 
this reason to believe that the effects measured were genuine. 
The following are the percentage changes produced by looo 
Ib./in.* in the relative surface tensions of pairs of liquids in 
the order above: — 15 per cent., — -25 per cent., —5-2 per 
cent., — 0-15 per cent., —-59 per cent. Probably no signi- 
ficance can be attached to the last three, because of the 
phenomena of mutual solubility, in virtue of which the 
composition of the liquids separated by the surface of discon- 
tinuity varies with the pressure. With respect to the two 
measurements, water versus mercury and ether versus mercury, 
it is to be noted that 3 per cent. HNO* had to be added to 
both water and ether in order to make the motions of the 
capillary regular. 

The subject is one which should be cultivated further, 
because of the theoretical significance of the pressure coeffi- 
cient of surface tension. It may be shown by a thermo- 


dynamic argument that 



where a is the 


surface tension and A is the area. That is, the pressure 
coefficient of surface tension is a measure of the difference 
of effective volume of a molecule in the interior and at the 
surface of a liquid. In many liquids the surface molecules 
are known to assume definite orientations with respect to 
the surface, so that there is here a possible method of getting 
information about the shapes of the molecules. If the mole- 
cules have the shape of long chains, and if these chains at 
the surface stand parallel to each other, then one would expect 


C/I/ C/jV/ , 

— to be negative and hence — to be negative. Since the 

effect is probably small in mercury, the measurements of 
Lynde would suggest that in water and ether the effect is 
of the other sign, and the molecules of these substances 
demand more space when carried from the interior to the 
surface. 


The Effect ol Pressure on Badioactiye Disintegration. It is 

stated in many books that the rate of radioactive dis- 
integration cannot be appreciably affected by any known 
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physical agency, and in particular neither by high tempera- 
tures nor by high pressures. There are two experiments on 
the effect of pressure, both published in 1907, on the same 
page of Nature. The first was by A. Schuster,** who sub- 
jected a radioactive salt to a pressure of 2000 kg./cm.* for 
five days, and at the end of the time could not observe a 
change of as much as J per cent, in the amount of disintegra- 
tion. The second was by Eve and Adams,** who enclosed 
a radioactive salt in a capsule of lead, which was subjected 
to a pressure of about 22,000 kg./cm.*. No difference of 
as much as i per cent, could be detected in the amount 
of y radiation emitted while exposed to pressure and while 
free. 

Black Phosphorus. The transitions produced by pressure 
discussed in Chapter VIII were all reversible; in addition 
to reversible transitions, irreversible transitions may be 
produced by pressure. The number of these which have 
been studied up to the present is comparatively small; 
included here are the effects now being investigated by 
Professor Conant already described, and also an irreversible 
transition by which ordinary white or yellow phosphorus is 
transformed to a black modification, not known before 
(B. 16, 22). Up to the present, this black modification has 
been produced only under rather sharply limited conditions, 
by the simultaneous action of pressure between 12,000 and 
13,000 kg./cm.* and a temperature of 200° C. The material 
thus produced is much like graphite in appearance; its 
density is 2-67 against 1-9 for yellow phosphorus, it is a con- 
ductor of electricity, the effect of pressure on its conductivity 
having already been described, and it is indefinitely stable 
under atmospheric conditions. If left exposed to the air it 
very slowly oxidises, and becomes covered with a wet film, 
probably phosphoric acid, but if sealed into glass to prevent 
oxidation, it is apparently indefinitely stable, specimens 
having been kept for fifteen years with no apparent change. 
If heated, it vaporises, and the vapour condenses to ordinary 
red or yellow. I have not succeeded in condensing black 
phosphorus out of the vapour phase. The vapour pressure 
of the black is less than that of red or yellow; if it is heated 
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in a closed container to about 650® C. under its own vapour 
pressure, it completely changes to ordinary red or violet, 
there being a point analogous to a triple point. Professor 
A. Smits ** has investigated at some length this behaviour 
in the vapour phase, and has come to no definite conclusion, 
but believes the black form to be a system in incomplete 
internal equilibrium, and unstable with respect to the red. 
It does, however, appear to have a definite crystal form, and 
is probably hexagonal, as shown by the investigation of 
Linck and Jong.** 

The most interesting features of the behaviour of black 
phosphorus are connected with its manner of formation. It 
can be produced only from the solid phase; in preparing it, 
pressure must first be increased at room temperature beyond 
the melting curve before temperature is raised. If tempera- 
ture is first raised and then pressure applied to the liquid, 
only ordinary red phosphorus will be produced. Black phos- 
phorus is not produced immediately on carr3dng yellow 
phosphorus into the region beyond 12,000 kg./cm.* and 200®, 
but a preliminary process of preparation is necessary before 
the transition runs. This process of preparation takes about 
one half-hour for completion; it is accompanied by a com- 
paratively small volume change, which proceeds at a gradually 
accelerating rate until suddenly the whole structure becomes 
unstable and the yellow phosphorus collapses into black with 
explosive rapidity. No inoculation of the yellow phos- 
phorus has the slightest efficacy in hastening the formation 
of the black, or in shortening the preliminary process of 
preparation. The whole affair is quite mysterious, and 
should be studied for its own sake, something that I have not 
yet had a chance to do. There are two obvious things to do 
at once in such an investigation; first, to find whether the 
pressure necessary for formation does not become less at 
higher temperatures, and second, to try to stop the process 
of formation some time before the final collapse to black 
phosphorus, in order to find the nature of the intermediate 
preparatory form. 

This black phosphorus is evidently partly metallic in its 
properties; one is reminded of the unstable non-metallic 
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forms of the elements below phosphorus in the periodic table 
— arsenic, and antimony. 

The Effect ol Pressure on Bigidity. It would evidently 
be of great significance to determine the effect of pressure 
on all the elastic constants of single crystals, but this is a 
matter of great experimental difficulty, and at present no 
general method appears feasible. One such effect has already 
been measured, namely, the effect of pressure on linear com- 
pressibility. In addition to this, I have been able to measure 
the effect of pressure only on the rigidity or shearing modulus 
of such isotropic substances as may be produced in the 
form of helical springs (B. 68 , 71 ). 

For such substances, two methods are available, an absolute 
and a relative method. The absolute method has been 
applied only to steel. A helical spring of steel is suspended 
in a vertical position in the pressure chamber, and stretched 
to perhaps twice its original length with a weight. Attached 
to the weight is a high-resistance manganin wire sliding over 
a contact, by means of which the position of the weight, 
and so the extension of the spring, may be obtained by a 
potentiometer measurement of resistance, exactly as in the 
methods for determining the compressibility of solids or 
liquids. When pressure is applied, the stiffness of the spring 
changes in part because of the effect of pressure on rigidity, 
and the extension therefore changes and is measured. Obvi- 
ously various corrections must be applied — for the change 
of dimensions, and for the change of buoyancy of the liquid, 
for example, but these can all be determined with the requisite 
precision. 

Once the absolute effect has been determined on steel, the 
relative effect on other metals may be determined by stretching 
against each other two springs, one of steel, and the other of 
the other metal. If the relative stiffness of steel and the 
other metal changes in virtue of a change of hydrostatic 
pressure, there will be a ^ift in the position of the coupling 
point of the two springs, which can be determined electrically 
by a sliding contact device like that used in the absolute 
measurement of the steel. 

In terms of the effect on steel, measurements were made on 
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a number of other metals, and also on several varieties of 
glass. The results are collected in Table XXV. The experi- 
mental accuracy was not great enough to justify giving a 
departure of the effect from linearity, although in several 

TABLE XXV 

Effect of Pressure on Rigidity and Incompressibility 


Substance 

Percentage change of 
rigidity under 
10,000 kg./cm.* 

Percentage change of 
incompressibility 
under io,ooo kg./cm,* 

Steel 

4-2*2 

4- 7-2 

Tungsten . 

-0*3 

4- 8*8 

Tantalum . 

+ 0-3 to -I-I-5 

4- i-i 

Molybdenum 

+0-15 

+ 6-9 

Zirconium . 

■—0*17 

4-13*6 

Platinum . 

4-2*4 

4-10*0 

Thorium . 

+5-7 ' 

4-28*4 

Palladium . 

4-I-I 

4- 8*1 

Nickel 

+ 1-8 

4- 7*9 

Glass A . 

— 0*62 

4 - 1 6*0 

„ B . 

-8-45 

- 4*0 

M C . 

-2-15 

4-17*8 

„ D . 

— 8*02 

— 3*1 

„ E . 

-8*8o 

- 1*8 

„ F . 

-3*86 1 

+ 5*2 


cases it was evident that the effect does depart from linearity 
in the direction to be expected — that is, a smaller proportional 
effect at the higher pressures. The table shows that in 
general the rigidity of the metals increases under pressure, 
as probably one would expect. Furthermore, the effect on 
rigidity is in general less than on the compressibility. This, 
again, is what might be expected, and is doubtless connected 
with the very rapid increase in the force of repulsion between 
atoms when they are brought closer together than their 
normal distance of separation. The forces resisting volume 
compression are for the most part contributed by the pairs 
of atoms in closest contact. The repulsion between these 
increases rapidly when the distance between them is made 
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less, so that the compressibility decreases by a comparatively 
large amount as the volume decreases under increased pressure. 
The forces resisting shear, on the other hand, contain a larger 
contribution from the more distant atoms, the component of 
the force effective in resisting shear contributed by the atoms 
directly in contact being of the second order. But the forces 
between distant pairs of atoms do not increase with decreas- 
ing distance as rapidly as those between adjacent pairs, and 
hence the effect of decrease of volume (or of increase of pres- 
sure) must be less on rigidity than on compressibility. 

The rigidity of all the varieties of glass, on the other hand, 
decreases with increasing pressure. There is a very close 
connection between the decrease of rigidity in glass and 
the pressure coefficient of compressibility, the decrease being 
greatest for those glasses in which the abnormal increase of 
compressibility with pressure is greatest. Consultation of 
the original paper, in which the compositions of the glasses 
are given, will show that there is a further parallelism between 
the increase of compressibility with pressure and the SiO, 
content of glass. 

Since an isotropic substance has only two independent 
elastic constants, it is possible to calculate from the pressure 
coefficients of compressibility and rigidity the pressure coeffi- 
cient of any other elastic constant, such as Young’s modulus or 
Poisson’s ratio. It will be found for the metals that Young’s 
modulus increases under pressure by an amount intermediate 
between the increase of rigidity and incompressibility. For 
the glasses. Young’s modulus increases under pressure by 
sornething of the order of 2 per cent, for 10,000 kg./cm.* in 
the case of those glasses which are most nearly normal with 
respect to the pressure coefficient of compressibility, but may 
decrease by 7 or 8 per cent, for the more abnormal glasses. 
Poisson’s ratio increases with pressure for aU varieties of 
glass, the increase for 10,000 kg./cm.* var5dng from i-5 to 
i8'i per cent. By a combination of these data it may be 
found that the velocity of a wave of shear for all varieties 
of glass decreases under pressure by amounts running up to 
5 per cent, for 10,000 kg./cm.*. This would appear to be a 
matter of some geological interest. 
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SUPPLEMENT 

GENERAL SURVEY OF THE RECENT 
HIGH-PRESSURE FIELD 

In spite of accelerated activity in the high-pressure field, 
work is still confined to a comparatively small number of 
laboratories, most laboratories not having the few simple 
pieces of equipment necessary for even routine applications of 
pressure. Of the laboratories formerly active, several have 
dropped out. Tammann in Gottingen, who had been so active, 
contributed only a few titles since 1931 and died toward the 
end of our period. Similarly, Ernst Cohen in Utrecht, who 
had contributed many papers on applications of high pressures 
to chemical phenomena, became less active, and ultimately 
died, a casualty of the war. In this country T. C. Poulter, 
who contributed a number of titles just before and after 1931, 
has been diverted to other projects. 

Fresh entries into the field include C. Michels in Amsterdam, 
who in 1931 was just beginning work. Michels has a large 
well-equipped laboratory devoted to high pressure, in which 
many students are working with notable productivity. This 
work is characterised by its unusually high precision and the 
development of ingenious instrumentation. The range of the 
pressures is a few thousand kg. /cm.*. Much of the work has 
been concerned with the pressure-volume-temperature relations 
of a large number of substances. James Basset in Paris has 
now published some fifty titles in the high-pressure field, only 
two of them prior to 1931. Basset’s work is comparatively 
little known. He was at first apparently mainly concerned 
with the problem of diamond synthesis, and received industrial 
support. He seems to have been particularly interested in the 
development of apparatus, and has published catalogues of 
apparatus which he is prepared to construct and deliver. For 
this reason he has made comparatively few actual physical 

390 
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measurements. Included in his work is an extensive explora- 
tion, with various collaborators, of the qualitative effects of 
high pressures on various biological material. Basset is 
practically the only other experimenter who has consistently 
exceeded the range of 12,000 kg. /cm.^ set by the techniques 
of the first printing of my book. Some of his biological 
explorations were to 15,000 and more, but unfortunately the 
interpretation is obscured by the freezing under pressure of the 
water of the solutions. One of his most recent papers describes 
an apparatus constructed mainly of carboloy for the attain- 
ment of pressures of 100,000 kg. /cm. To attain the strength 
necessary to withstand this pressure the entire apparatus was 
cooled in liquid air. It does not appear, however, that any 
results were obtained with the apparatus. 

Activity in the field of high pressure in Russia is obviously 
considerable, but not many of the details have come out, and 
still fewer can be anticipated now since the passage of the 
Soviet law of June, 1947, with regard to publication of state 
secrets. It is known that there is a laboratory designated as 
a high-pressure laboratory, and a number of articles from this 
laboratory in Russian journals have been abstracted in various 
English language abstracting journals. There is no present 
indication that progress has been made beyond the possibilities 
open to the techniques described in the first printing of this 
book. Much of the work that has come out has been con- 
cerned with questions of the equation of state for substances 
of interest to the petroleum industry. Special reference may 
be made to a review article published by D. S. Tsiklis in 
Uspekhi Khiinii, 14 , 476-500, 1945, which was received in this 
country after the publication of my Reviews article, and which 
contains several references to Russian work, chiefly of in- 
dustrial interest, not mentioned there. 

In England, Imperial Chemical Industries has taken up 
seriously the investigation of chemical reactions under pressure, 
and before the war had published the results of many such 
investigations up to 12,000 kg. /cm.^. This work was, however, 
apparently seriously interrupted by the war. 

In the United States the most notable new work has been the 
programme of geophysical investigation at Harvard University 

H* 
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sponsored by its Geophysical Committee and directed for the 
first few years by W. A. Zisman and since 1933 by Francis 
Birch. This programme has been concerned, among other 
things, with the application of pressures up 12,000 kg. /cm.* in 
combination with high temperatures to problems of geophysical 
interest, and has resulted in some twenty-five papers dealing 
with various pressure effects. The work of David Griggs at 
Harvard, over an interval of several years, and some of it 
under the auspices of the Geophysical Committee, was also 
concerned to a large extent with the application of high pressures 
to geophysical problems. At Pennsylvania State College 
R. B. Dow founded a high-pressure laboratory, active over 
several years until Dow’s departure to take up other work, 
which has produced some twenty titles dealing with effects of 
pressure up to 5,000 kg. /cm.*, mostly volumetric effects and 
changes of viscosity of various hydrocarbons and oils of in- 
dustrial importance. 

On the west coast an extensive programme at Pasadena, 
sponsored by the American Petroleum Institute, and associated 
chiefly with the names of B. H. Sage, H. H. Reamer, R. H. 
Olds, and W. W. Lacey, is being carried out on the volume and 
viscosity properties up to a few hundred kg. /cm.* of various 
hydrocarbons, and particularly their mixtures of industrial 
importance. Industry in general is turning to the exploration 
of the commercial possibilities in the range up to 1,000 kg. /cm.* 
or even more, particularly in connection with ‘ cracking ’ for 
gasolene production, and a few industrial laboratories are 
making more general explorations. This activity is still com- 
paratively recent, however, and little has issued from it in the 
way of publication. 

Of the laboratories which were active in 1930, the Geo- 
physical Laboratory in Washington continued its work up to 
the war, chiefly being concerned with phase diagrams of 
systems of more than one component 2ind related questions. 
Especially to be mentioned is the very extensive and accurate 
work of R. E. Gibson on various solutions up to 1,000 kg. /cm.*. 
Just before the war a preliminary paper was published by 
Goranson and Johnson, describing multiple apparatus for 
reaching pressures of the order of 100,000 kg./cral*. This 
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work has not been followed up, however, and since the war 
the Geophysical' Laboratory has been less active in the entire 
high-i^pressure field. The high-pressure work at the Massa- 
chusetts Institute of Technology, principally under F. G. Keyes, 
continues, and also my own high-pressure work at Harvard. 

CHRONOLOGICAL SURVEY OF MY OWN RECENT 
WORK AND PROBLEMS OF TECHNIQUE 

A general idea of the course of my own work since 1931 is 
afforded by the titles in the appendix from No. 74 onward. 
Through 1933 I was occupied with more or less straightforward 
continuation of work already indicated. There were measure- 
ments by the sylphon method, already developed and described 
in the first printing, of the pressure-temperature-volume 
relations of a number of liquids. There were extensions to 
liquid air temperatures of measurements of the effect of pressure 
on the electrical resistance of a number of metals, demanding 
the use of helium to transmit pressure and associated changes 
in technique of insulation. There were extensions of the con- 
ventional measurements of compressibility and electrical re- 
sistance to a long list of new substances, including many in 
which there were small-scale irregularities and discontinuities 
(transitions of higher order). It became evident that with 
improvement in measuring technique the list of substances 
with such higher order transitionsor other irregularities becomes 
continually larger, and that the high-pressure world is a world 
of infinitely fine detailed incident. The theoretical under- 
standing of this detail is one of the important problems in the 
physics of the solid state (and the liquid, too). 

In 1934 was published the first work anticipating the later 
extension of pressure range. The urge to make an extension 
was continually with me during that period, stimulated by a 
continually diminishing return from my conventional methods. 
The other direction in which I might have sought to find more 
fertile fields — ^namely, in the direction of increased accuracy 
— would have been reasonable enough, as suggested by the 
multitude of small-scale detail, but was one which was rot 
personally attractive to me. This direction of increased 
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accuracy is the direction which is now being cultivated by 
Michels with such success. At first my attempts to extend the 
pressure range proceeded on obvious enough lines, capitalising 
the increased strength of the steels which had become available 
since the beginning of my work. The strengths of the alloy 
steels available when I began were of the general order of 

250.000 lbs. per square inch, whereas in the early 1930’s 
strengths up to 350,000 were attainable in commercial steels. 
It soon appeared that usage of the new steels would not be 
entirely straightforward. There were difficulties in hardening 
resulting in the cracking of shapes at all complicated, so that 
the construction of a pressure apparatus with two or more 
chambers connected with heavy tubing proved out of the 
question and the apparatus was restricted to one-piece con- 
struction. Even here, complications in the single piece, such 
as screw threads or lateral openings, were so likely to result in 
hardening cracks, which might be immediately obvious or 
which might develop only after a few applications of pressure, 
that expense and loss of morale led to abandonment of the 
attempt. One investigation, however (B. 89 and B. 92), was 
made with a single-piece apparatus which permitted measure- 
ments to 20,000 kg. /cm.® of several phenomena which measure- 
ment in the previous range had suggested to be of special 
significance. In this investigation it was established by a 
simultaneous consistent extrapolation of the resistance of 
manganin and that of gold, silver, and iron that linear extra- 
polation of the resistance of manganin could be used above 

12.000 kg. /cm.® with high probability of only small error. 
Occasion was also taken to determine, over the wider pressure 
range, the theoretically important but experimentally difficult 
thermal expansion of the first three alkali metals, with the 
discovery of the very material decrease in expansion and 
reversal of order, potassium under 20,000 being less than half 
as expansible as lithium. 

The logical ultimate in one-piece construction in order to 
avoid cracking in hardening was attained by reducing the 
apparatus to a single straight cylinder, with a single uniform 
hole along the axis, with pressure produced by two pistons 
simultaneously pushed in from the two ends (B. 95). The 
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materials subjected to pressure in such an apparatus were 
restricted to solids, although there is no essential reason why 
liquids should not be used also. For solids the use of two 
pistons results in a material reduction of friction. With a 
simpae apparatus of this sort (B. 85) the long-looked-for poly- 
morphic transition of bismuth to a form denser than the liquid 
was found in the neighbourhood of 25,000 kg. /cm.® (this tran- 
sition was later resolved into two), and black phosphorus was 
formed directly from yellow at room temperature at 35»ooo 
kg. /cm.^, its formation previously having been attained only 
at 200° C. and 12,000. With this simple apparatus pressures 
over 40,000 were attained, but only for short times, plastic 
flow in the steel pistons proving to be the limiting factor. 
Some time was spent in exploring the possibilities of this simple 
apparatus. It appeared that slow flow of the steel would 
severely limit the possibility of precise measurement, and the 
method was presently abandoned in favour of the more power- 
ful techniques which soon disclosed themselves. This con- 
struction remains, however, a useful tool for studying the 
effects of a mere application of pressure to various substances, 
and it might find a place in many laboratories if only the possi- 
bilities were realised. 

It soon appeared that more powerful methods than one- 
piece construction out of the strongest steels, with or without 
autofrettage, were called for, and the various methods of 
external support for the pressure vessel which I now employ 
evolved themselves over several years. Two types of external 
support are to be distinguished: a simpler and less effective 
support in which the pressure vessel is supported laterally 
over only the external curved surface, the ends being left free, 
and a complete support in which the pressure vessel is immersed 
in a fluid carrying hydrostatic pressure. This latter amounts 
to the construction of one pressure apparatus within another. 
Ideally, disregarding constructional details, it should be possible 
to reach unlimited pressures by this method by constructing 
a nest of apparatus, one within another. In both methods 
the details of appl5dng the support are so arranged that the 
external support reaches its maximum when the internal 
pressure is also at its maximum. This is in contrast to the 
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support given by shrunk-on jackets, for instance, where the 
compression of the inner walls is a maximum at the lowest 
pressure. 

Several different forms of apparatus with only lateral 
support have been used for different pressure ranges. It is 
characteristic of all of them that the external support is 
attained by giving the pressure vessel a conical exterior and 
thrusting the vessel as a whole into an external conical sleeve 
simultaneously with the production of internal pressure. In 

the simplest embodiment of this 
idea the thrust on the pressure 
vessel is the same thrust which 
drives in the piston to produce 
internal pressure. A schematic 
representation is showu in fig. 
88. With apparatus essentially 
like this, pressures can be 
attained up to 50,000 kg./cm.^ 
with a life for the pressure 
vessels of ten or twenty applica- 
tions ; greater life can be attained 
by moderately reducing the pres- 
sure. This apparatus was used in measuring a number of 
polymorphic transitions to 50,000 and the compressibility of 
a number of solids up to 45,000 (B. loi and B. 104). The 
lower range for the compressibility measurements, 45,000 
instead of 50,000, was not dictated primarily by the con- 
sideration of longer life, but rather by experimental accuracy, 
the slow creep of the steel at the high end of the range being 
a more disturbing factor in compressibility measurements than 
in measurements of polymorphic transitions, since the latter 
involve only discontinuities at a single point, and the former 
involve slopes of curves over a pressure interval. 

The attainment of pressures as high as 50,000 kg. /cm.* 
demands another radical change beside external support — 
namely, a change in the material of the piston. No steel can 
be used even for short intervals to pressures as high as this; 
40,000 is perhaps attainable with much creep for brief intervals 
of a few minutes, and even 30,000 demands special steels and 



Fig. 88. — Illustrating the general 
principle of the method for giving 
exter^ support to the pressure 
vessel in such a way that support 
increases automatically with the 
increase of internal pressure. 
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special treatment if precise measurements are to be made. 
Fortunately the substitution of a stronger material for the 
pistons is simple. Carbol oy , tungsten carbide cemented with 
cobalt, which has recently received extensive application for 
cutting tools, has a strength in straight compression which 
runs well over 60,000 kg. /cm.®, and even higher than 70,000 
has been reported by Basset, although the highest I have ever 
found was 67,000. There are various grades of carboloy for 
various purposes; the harder grade s with less binder are best 
ada pted to pistons. 

The simple apparatus according to the scheme of fig. -88 is 
uncomfortably close to the limit when used to 50,000, and 
fractures and slow stretch are troublesome. Not only does the 
pressure vessel itself fracture, but the external supporting 
conical sleeve also breaks, this also being of necessity designed 
so as to be at the working limit of its strength. These diffi- 
culties may be ameliorated to a large degree by using two 
stages of external support instead of one (B. 115). By using 
two stages, the external supporting sleeve is not carried so 
close to its limit and at the same time the external supporting 
pressure on the high-pressure vessel may be made higher. The 
essential parts of the apparatus for reaching 50,000 with two 
stages of external support are shown in fig. 89- Two hydraulic 
presses are involved. One with a piston diameter of 6 ins. 
produces the external pressure by pushing the pressure vessel 
into its two supporting conical sleeves. The second press with 
piston diameter 3-5 ins. rides on the piston of the larger press 
and produces the internal pressure by pushing on the o-25-in. 
carboloy piston. During operation the pressures driving the 
two presses must be kept at a ratio fixed by the geometry. 
This may be done either by circumspect manipulation of two 
independent hand pumps, or more conveniently by coupling 
the two presses together through a double piston arrangement 
with appropriate ratio of areas. 

Fig. 89 shows a pan for a temperature-regulating fluid 
built around the outer supporting sleeve. By means of this 
temperature bath, measurements have been made over the 
temperature interval from - 80° (dry ice temperature) to 250° C., 
reached with a silicone. The measurements which have been 




Fig. 89. — The apparatus, with two stages of external support, for reaching 
50,000 kg. /cm.*. The apparatus is actuated by two low-pressure pumps 
connected at P, and P*. 
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made up to the present with this apparatus are of volume 
changes. In terms of volume changes it is possible to measure 
compressions and phase changes, both polymorphic transitions 
and meltings. To obtain the volume changes the relative 
motion of the carboloy piston into the high-pressure vessel is 
measured with a system of dial gauges, not shown in fig. 89, 
by methods described in detail in the original paper. The 
reduction of the measurements involves various blank runs to 
eliminate the distortion of the apparatus to as large an extent 
as possible, but there is a small residual effect of distortion 
which has to be determined by calculation. 

The compressing pistons come directly in contact with some 
solid; this solid takes the place of the transmitting liquid of 
pressure apparatus in lower ranges, since there are practically 
no materials originally liquid which would remain liquid over 
this range of pressure. In order to reduce friction effects as 
much as possible and ensure that the pressure on the working 
substance approaches as closely as may be to truly hydro- 
static, the solid sheath in which the working substance is 
embedded and on which the pistons bear should be as soft as 
possible. In practice this has meant lead for measurements 
to higher temperatures or indium for lower temperatures. 
Indium is the softest of the chemically inert materials, and 
will support a shearing stress of only 100 kg. /cm.^ under a 
mean hydrostatic pressure of 50,000, so that any departures 
from truly hydrostatic pressure are negligible. For the deter- 
mination of compressibility of liquids and of melting curves a 
method has been developed for sealing the liquid within a lead 
capsule which will stand the application of 50,000 without leak. 

The working volume of the apparatus for 50,000 is about 
0*5 cm.^, and the measurements have been limited to volume 
measurements. This imposes so great a restriction that another 
apparatus has been developed with a range of 30,000 kg. /cm.®, 
with a capacity of the order of 15 cm.®, in which pressure is 
transmitted with a true liquid (a mixture of w- and ^-pentane 
does not freeze at room temperature at this pressure) and into 
which electrically insulated leads may be conducted, thus very 
greatly increasing the range of phenomena susceptible of 
measurement. This apparatus is described in B. 113 and the 
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Fig. ,90. — The apparatus for reaching 
90,000 kg. /cm.® with one stage of 
external support. 


essential parts are shown in 
fig. 90. Here again two 
presses are employed, one 
with a 6-in. piston which 
drives the pressure vessel 
into a conical sleeve for 
external support, and one 
with a 3*5-in. piston which 
produces internal pressure 
by pushing on a o-5-in. 
carboloy piston. 

As many as seven insulated 
leads can be got into the 
apparatus, thus permitting 
a great range in the sort of 
phenomenon that can be 
studied. There is no reason 
why the entire programme 
of investigation carried out 
with the former apparatus 
to 12,000 should not be re- 
peated to 30,000, and this 
programme is now under 
way. Already measured are 
compressibilities (linear com- 
pressions rather than volume 
compressions), electrical re- 
sistances, viscosities, and a 
phenomenon not formerly 
studied to 12,000 — ^namely, 
the effect of pressure on 
mechanical strength and 
ductility — for which the 
effects at 30,000 are very 
large. The support afforded 
to the 30,000 apparatus is 
extraordinarily effective, and 
I have yet to encounter the 
first failure of a pressure 
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vessel in such use, a statement which unhappily is far from 
applicable to the former apparatus for 12,000. A limitation 
on the 30,000 apparatus as contrasted with the former 12,000 
apparatus is tiie much greater inconvenience of temperature 
control, which can be effected only by placing the whole 
lower end of the arrangement of fig. 90 in a temperature 
bath. This has resulted up to the present in the study of 
the effect of temperature for only a few phenomena up to 
only 100° C. ; the use of the apparatus is at present mostly 
limited to room temperature. 

In addition to its use in its 
own right for the measurement 
of various pressure efferts, the 
30,000 apparatus has the addi- 
tional function of providing the 
complete external support by 
complete immersion of the 
pressure apparatus in a pres- 
sure-bearing fluid which is in- 
volved in the next extension of 
the pressure range from 50,000 
to 100,000 kg. /cm.*. The vessel 
for reaching 100,000 is shown 
in fig. 91. It consists of a 
carboloy core with shrunk-on steel jacket. Pressure is pro- 
duced in the core by the advance into it of carboloy pistons 
pushed from both ends. The construction is thus exactly 
like that of the first primitive high-pressure vessel in which the 
transition of bismuth was discovered. The carboloy pistons 
are advanced by contact with the main piston by whose 
advance pressure is produced within the 30,000 chamber. 
The apparatus is set up with a proper amount of liquid in the 
30;000 chamber, determined by trial, so that when a pressure 
of approximately 25,000 is reached the advancing piston, 
approximately 0-5 in. in diameter, comes into contact with the 
upper o-o625-in. diameter piston of the 100,000 piezometer. 
From here on, the main function of the 0-5 piston is to push 
the 0'0625 pistons. Because of the small diameter of the high- 
pressure pistons, 100,000 is reached in the inner vessel while 
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Fig. 91 . — The miniature apparatus 
for reaching 100,000 kg. /cm.*. 
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the pressure in the outer fluid is rising only a few thousand 
kg. /cm.® more, the precise rise in the external liquid being, ot 
course, determined by the compressibility of the material in 
the 100,000 piezometer. 

With this apparatus the volume changes of some lOo sub- 
stances have been followed at room temperature up to 100,000. 
The measurements involved are two in kind: one of the thrust 
on the pistons and one of the piston displacement. The thrust 
could ideally be determined from the extra thrust required to 
advance the 0*5 piston of the 30,000 apparatus, but in practice 
this is too much obscured by friction. Instead, the thrust is 
measured internally from the change of electrical resistance of 
a ' grid ' of hardened steel mounted so as to take the thrust. 
The change of electrical resistance of the grid consists of a 
term arising from the hydrostatic pressure and another term 
depending on the superposed one-sided thrust. The hydro- 
static pressure is accurately known from a manganin gauge 
mounted with the 30,000 chamber, so that the term arising 
from the superposed thrust can be found by difference. The 
effect of thrust on the resistance of the grid has to be found by 
a calibration, which involves a correction for the effect of 
pressure on the thrust coefficient. The electrical parameters 
of the apparatus were such that the thrust at 100,000 could 
be determined to 0*5 per cent. The other of the two measure- 
ments, piston displacement, can also be taken from the motion 
of the 0*5 piston, which may be measured externally with a 
gauge reading by estimation to o*ooooi in. Frictional effects 
and various other effects due to distortion of the various parts 
of the apparatus enter the reading of the displacement, but 
they are much more reproducible than the measurements of 
thrust from the extra force driving the piston, and the majority 
of compressions hitherto published to 100,000 have been made 
by this method. However, the irregularities due to friction 
and hysteresis in the distortions are greater than one would 
like, and in my last paper a method has been found for also 
measuring the displacement of the 100,000 pistons from the 
inside of the 30,000 chamber. This involves attaching the 
pistons to a sliding electrical contact, in much the same fashion 
as the methods used for linear compressibility. This has 
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demanded getting seven electrically insulated leads into the 
30,000 chamber, an accomplishment due to the skill of my 
mechanic, Mr. Charles Chase. 

Even with the help of complete external support by a liquid, 
measurements to as much as 100,000 would not be possible 
except for a fortunate change in the properties of carboloy. 
Under a supporting hydrostatic pressure of 25,000 or more it 
loses its initial glass-like brittleness and will support ductile 
flow up to 10 per cent, or more in simple compression. In 
simple tension, while not becoming notably ductile, it never- 
theless shows marked increase in tensile strength up to a factor 
of three-fold. The particular grade of carboloy is a matter of 
some importance. For the pistons I use grade No. 999 as 
designated by the Carboloy Company, made with a minimum 
amotmt of binder, and for the pressure vessel, which has to 
support extension on the inner surface, a softer grade known 
as No. 790 has proved advantageous. The limit 100,000 is not 
set by actual fracture, but by slow creep, which limits the 
accuracy of the measurements. Pressures have actually been 
carried as high as 150,000 in containers of this kind for short 
intervals. With regard to creep, carboloy is quite unlike steel 
in that there is very little work hardening; the speed of creep 
approximates a single valued function of stress. 

In application this apparatus has up to now been restricted 
to the more compressible substances. There are corrections 
for elastic distortion which cannot be exactly calculated and 
which have to be determined by blank runs with the more 
incompressible substances, assuming that the compressibility 
of them is known by extrapolation from measurements in the 
range up to 40,000 or 50,000. At the maximum pressure the 
cross-section of the piezometer increases by approximately 3 
per cent. This is about the limit that can be handled without 
leak of the contents. A steel container would have an elastic 
distortion of three times as much, which would be prohibitive. 
The greatest single source of error is friction on the pistons, 
the material, of course, which transmits pressure being a soft 
solid. In practice this has meant that the working substance 
is encased in a sheath of indium in the same way as for the 
measurements to 50,000. 
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The three forms of apparatus just described constitute the 
principal tools for the attack on higher pressures. Several 
other pieces of apparatus will now be mentioned which have 
played a part. 

The principle of conical external support can be applied on 
a much larger scale than suggested above. Mention may be 
made of one piece of apparatus with which 30,000 kg. /cm.® has 
been reached in a chamber of 2 ins. diameter and 6 ins. length. 
In this apparatus only one stage of external support was 
employed, and only one hydraulic press. The same thrust 
which drives the high-pressure piston also drives the conical 
vessel into its external supporting sleeve, which was 3 ft. in 
diameter and weighed 3,000 lbs. The piston of the apparatus 
was driven by an industrial i,ooo-ton press. 1 he apparatus 
was used in an unsuccessful attempt at diamond synthesis 
(B. 129), but should be capable of further use in exploration of 
the high-pressure, high-temperature field for the existence of 
new compounds. 

An apparatus has been developed for the rapid determination 
of compressibilities at room temperature to 40,000 which has 
been much used (B. 123, 134, and paper now in press) in 
exploration and in determining the initial compressibilities up 
to 25,000 demanded to supplement the measurements with the 
100,000 piezometer. A complete pressure run can be made 
with this apparatus in the course of an hour and a half, giving 
some forty readings altogether. It has been applied to several 
hundred substances. The inner core of the apparatus is 
carboloy, with shrunk-on steel jacket. This is externally sup- 
ported in a single stage. The dimensions are so chosen that 
there is no change in internal cross-section under internal 
pressure, so that the corrections are very small. Compressi- 
bility is determined by piston displacement. The specimen is 
in the shape of a thin disc, 0*25 in. in diameter and 0*125 in. 
long. By using a thin specimen, effects of friction are mini- 
mised. This apparatus can be used for the compression of 
liquids as well as solids, by sealing the liquid into a lead 
capsule. 

Another very convi^nient apparatus, recently developed, is 
for the rapid determination of the compressibility of liquids in 
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the low range up to 5,000. The low-pressure compressibility 
is necessary to supplement the measurements with the appar- 
atus for the higher ranges, since the latter is not sufficiently 
sensitive at the lower end. The apparatus determines the 
compressibility by simple piston displacement. The feature 
is the method of reducing friction sufficiently so that no 
pressure gauge within the liquid is necessary. The device 
consists essentially of a ' free ’ piston, packed with a minimum 
amount of packing so as to completely eliminate leak. The 
piston is 0-5 in. diameter, with unsupported area mushroom 
packing only in. thick. This is driven by a 2-in. piston, 
also packed' wdth the same thickness of packing. The 2-in. 
piston is driven by a conventional unpacked free piston. 
Furthermore, both pistons are so arranged that they may be 
rotated, with their packings, before making readings. In this 
way friction is effectively eliminated, the manipulation of the 
apparatus becomes very simple, and readings may be made as 
rapidly as the heat of compression can be got to dissipate 
itself. 

Finally, the production of static pressure has been carried 
one stage beyond 100,000, although up to the present this 
remains mostly in the nature of a stunt with little scientific 
value. It is well known that very intense stresses are developed 
when two crossed knife-blades are pressed together. Stresses 
much in excess of that normally possible can be attained in 
this way because of the support afforded the small compressed 
regions by the massive surrounding metal. This principle, of 
support of a small highly stressed region by surrounding 
massive metal, is capable of various embodiments. In my 
application a very short boss on a massive block of carboloy 
is pressed against the plane face of another massive block of 
carboloy. Both blocks of carboloy have shrunk-on steel 
jackets, and the whole experiment is set up within the 30,000 
apparatus, so as to raise the strength of the carboloy by hydro- 
static pressure. In this way intensities of compressive stress 
of 425,000 kg. /cm.* have been reached (B. 116). By inter- 
posing small amounts of other material between the two 
opposed carboloy surfaces pressures of this magnitude may be 
applied to thin wafers of the order of 0-062 in. diameter and 
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o-ooi in. thick. I have experimented with seven different 
substances which for one reason or another seemed to me the 
most likely candidates for permanent lattice alterations after 
exposure to such pressures, but with negative results. In 
particular, graphite is not converted to diamond at room 
temperature by this pressure, although the presumable pressure 
of thermodynamic equilibrium between the phases is only 
20,000 kg. /cm.*. 

The Measurement of ffigh Pressure. The accuracy with which 
the new high pressures can be measured is a strong function of 
the range. Above 30,000 kg. /cm.*, simple determinations of 
the thrust on the piston, corrected as well as may be for friction, 
and of the area on which the piston acts, corrected as well as 
may be for distortion by various calculations and by blank 
runs in which certain compressibilities are assumed by extra- 
polation, are about all that can be attempted. I believe that 
pressures up to 100,000 can be determined within 2 or 3 per 
cent. Up to 30,000, where pressure is transmitted by a true 
liquid, electrical leads can be got into the apparatus, and the 
scale of the experiment is comfortable, there is no reason why 
pressure should not be measured as accurately as up to 12,000, 
or with an accuracy of o*i per cent, or even better. The fol- 
lowing discussion will be concerned only with the range to 

30.000. 

The manganin gauge, which has been so convenient up to 

12.000, can be carried to 30,000 perfectly well, and in fact its 
functioning over the wider range is better than in the lower 
range, since there is less wandering of the zero under the more 
stabilising action of the higher pressure. Practically, the 
problem reduces to finding a method of calibrating the man- 
ganin gauge in the new range, and this in turn becomes the 
problem of finding pressure-fixed points, corresponding to the 
freezing-point of mercury formerly used, and also the problem 
of finding to what extent the relation between change of re- 
sistance and pressure remains linear in order that the number 
of fixed points necessary may be known. 

Any fundamental determination of pressure must go back to 
its definition in terms of a known force on a known area. The 
simplest realisation of this is afforded by the free piston gauge. 
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This gauge becomes increasingly difficult to handle with in- 
creasing pressure. My former fixed point was determined 
immediately with a free piston gauge, the point being at 
7640 kg. /cm.*, and the gauge was carried up to above 12,000, 
but with increasing difficulty. My former experience with 
this gauge convinced me that its practical limit had been nearly 
reached, and barring some radical new idea in the construction 
of such gauges, which did not present itself, it was obvious that 
some modified method of referring pressure to force and area 
would be necessary. In the meantime it had appeared 
probable that only a single fixed point would be necessary in 
the new range, because the comparison of the extrapolated 
resistances of gold, silver, iron and manganin up to 20,000 
already referred to had indicated that the probable departures 
of manganin from linearity were small. For the single fixed 
point some suitable polymorphic transition seemed indicated. 
A melting was more or less ruled out because of difficulties 
from sluggishness and supercooling. By this time knowledge 
of a large number of transitions up to 50,000 had been accumu- 
lated, and of all these the transition of bismuth nearest 25,000 
— i.e,, the I-II transition — was the most suitable. 

The problem now reduced itself to the determination, with 
as great accuracy as possible, of the pressure of the I-II bismuth 
transition in the neighbourhood of room temperature. The 
specimen of bismuth whose transition was to be determined 
was set up in the 30,000 apparatus, with pressure directly 
transmitted to it by contact of the piston (B. no and 113). 
Friction was minimised by making the thickness of the bismuth 
small in comparison with its diameter and by using the mini- 
mum amount of packing where the high-pressure piston bears 
on the bismuth and on the piston of the 3-5 in. press driving 
the high-pressure piston. The 3-5-in. piston was driven by 
coupling to a conventional free piston gauge. Distortion of 
the cross-section was determined by special measurement in a 
blank experiment in which the internal pressure in the same 
container was produced by a liquid, and a sliding wire arrange- 
ment mounted in the liquid gave a direct measure of the 
increase of diameter. Determinations were made both at 
room temperature and at 75® in order to allow a correction 
c* 
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for temperature in future use. The change in pressure of the 
transition for 45° is only 10 per cent., a change so small that 
the thermostating of the apparatus in any future calibration 
is unnecessary. The accuracy of the final value, 25,420 kg./cm.* 
at 30®, may be estimated from the fact that out of five inde- 
pendent determinations the maximum departure of any single 
determination from the mean was 0-15 per cent. At the same 
time opportunity was taken to establish the pressure of the 
II-III transition with comparable accuracy. 

Calibration of the manganin gauge for use to 30,000 is now 
made at two points: one a freezing of mercury at 0® or some- 
times more conveniently a determination at room temperature 
where the pressure is about 13,000, and a determination of the 
bismuth I-II transition at room temperature. The pressure- 
resistance curve for the manganin is determined by passing a 
second-degree curve through these two points. The deviation 
from linearity is so small that in most cases extrapolation 
could be made from the 7640 point to 30,000 with an error not 
much more than 1 per cent. In spite of the smallness of the 
deviation, calibration of each individual coil is necessary, 
different coils from the same spool of wire having different 
non-linear terms. The deviations from linearity for my 
specimens of manganin, which was made by Driver Harris a 
number of years ago, are in the abnormal direction, the curve 
of resistance against pressure being concave toward the pressure 
axis, so that a linear extrapolation from the low-pressure point 
gives too. low pressures at the high end. 

It is to be emphasised that the determination of the bismuth 
I-II point is completely independent in all its elements of the 
mercury 7640 point. The same applies to all pressure measure- 
ments at still higher pressures. 

The Effect of Pressure on Fracture and on the Plastic Proper* 
ties of Solids. This section is the analogue of Chapter TV in 
the book, ‘ Special Sorts of Rupture Peculiar to High Pres- 
sures.* The fractures discussed there were mostly those inci- 
dental to the attainment of high pressures, such as the fracture 
of thick cylinders at the outside surface under internal pressure. 
Here, among other things, the effect of high pressures per se 
have been investigated. For instance, tensile tests have been 
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made on specimens completely immersed in a liquid carrying 
high pressure. 

The first of these investigations was of the effect of shearing 
stress combined with high mean pressure. The arrangement 
is siiggested schematically in fig. 92. The material to be 
investigated, in the form of a disc. A, 0*25 in. in diameter and 
a few thousandths of an inch thick, is compressed between 
a rectangular steel block, C, called the ‘ anvil and a short 
boss on a cylindrical block of steel B, called the ' piston 
The anvil is rotated about the axis of the piston while the piston 
remains stationary. In order to avoid friction from end 
thrust, the experiment is doubled by ^ 

using a second disc and piston on the 
other side of the anvil, jthe anvil thl/s 
being rotated between two stationary 
pistons. Pressure on the discs is pro- 
duced by pushing the pistons together 
between the platens of a hydraulic 
press. The force required to produce 
rotation is measured as a function of 
the normal pressure and the curves 
plotted of one against the other. 

With steel construction, the range of 
normal pressure consistently reached 
was 50,000 kg./cm.*. So high a 
value was made possible by the use^ 
of speciad steels and the tact that high stress is confined to 
a small region with effective support from the massive parts 
outside the region of contact. In a later construction, which 
has been applied to only a few substances, steel is replaced 
by carboloy, with slight modifications in the design, and mean 
pressures of 100,000 kg./cm.* combined with plastic flow 
produced by rotation. 

As normal pressure is increased beyond the yield point of 
the material of the disc, the material extrudes in the form of 
a sheet between piston and anvil until the thickness has been 
so much reduced that further extrusion is prevented by the 
radial drag of the friction on the flat surfaces. It is obvious 
that, if the friction is finite, any normal pressure whatever can 
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Fig. 92. — General scheme of 
an apparatus for combining 
shearing stress with pressure. 
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be held in equilibrium if only the thickness becomes small 
enough. After equilibrium thickness has been reached at any 
pressure the effect of rotation is determined. At first, at low 
pressures, rotation produces surface slip between specimen and 
steel, but when pressure has reached a value so high that the 
frictional drag reaches the shearing strength of the material, 
the surface is frozen to anvil and piston and rotation is accom- 
plished by internal plastic shearing flow. Since the angular 
amoimt of rotation is unlimited, indefinitely great shearing 
distortions are possible. 

Different materials act differently under such an indefinitely 
great shearing distortion. Many, of which most of the metals 
are typical, permit such distortion smoothly, without incident. 
The result of such distortion in a metal like copper, for example, 
is almost complete amorphitisation, with loss of all lattice 
structure. Many other substances, however, including many 
compounds, do not permit indefinitely great distortion 
smoothly, but continued distortion is punctuated by internal 
fracturing, followed by self-healing and indefinite repetition. 
The character of this internal fracturing varies greatly with 
the material. Application to the problem of deep-seated earth- 
quakes suggests itself. 

Some hundreds of substances have been examined in this 
way up to 50,000 kg./cm.*, and their shearing strength deter- 
mined as a function of mean pressure (B. 94, 97, 98, 100, 105, 
107). It is well known that in ordinary engineering practice 
it is usual to assume that the shearing strength of metals like 
steel is not affected by normal stress on the planes of slip. 
This approximation is distinctly not adequate in the range of 
normal stresses used here. Shearing strength in practically all 
cases increases with increasing pressure. For ordinary cubic 
metals the increase may be by something of the order of 50 per 
cent, for the above range of pressure. From this it may vary 
by almost any amount, depending on the material. For some 
organic substances the increase of shearing strength with 
increasing pressure is almost fantastic; one is reminded of the 
already known very large increase of viscosity of some organic 
liquids produced by pressure. 

If the material undergoes a polymorphic transition in the 
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pressure range, the transition is reflected in the shearing curve 
in the form of some sort of discontinuity. The high-pressure 
modification may have a higher or lower shearing strength 
than the low-pressure form, so that the shearing curve may 
either rise or fall on passing through the transition. The 
shearing curve of bismuth, for example, distinctly shows the 
various transitions; at some of them the curve turns upward 
and at some downward. Measurement of the shearing curve 
with this apparatus may be used as a simple tool of exploration 
for the new polymorphic forms in the case of new substances. 

Not only are various mechanical effects produced by the 
combination of high shearing distortion with high pressmre, but 
chemical effects are also produced. Decompositions, as of 
various oxides, have been found. Changes of valence may be 
produced, as in some of the tin salts. Syntheses may be 
effected, as by rubbing together copper and sulphur. It is 
probable that many combinations have been produced whose 
nature is not now known. If a new phase is formed with 
lower shearing strength than the original material, shearing 
distortion will be confined to the layer of new material, which 
will protect the bulk of the material from spreading of the 
transformation. Many cases have been observed of changes 
of surface colour which may be of this character. The subject 
might well be pursued further with application of electron 
microscopy to study of the surface films. 

These experiments disclosed one example of a sort of poly- 
morphic transition which is seldom considered, but which I 
think must be recognised as a. possibility, at least in principle. 
This is a change in lattice brought about by shearing stress, as 
distinguished from the common lattice changes produced by 
hydrostatic pressure. That is, there may be lattices stable 
only under shearing stress. The conditions necessary for such 
a transition may well be unusual, but a break was found in the 
shearing curve of lithium which lends itself to no other obvious 
explanation. 

During the war, in the effort to understand better the process 
of detonation of explosives, the effect of combining shearing 
stress with pressure was studied for a number of explosives in 
the carboloy apparatus already mentioned up to 100,000 mean 
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normal pressure (B. 132). The conclusion was drawn that up 
to this limit detonation is not initiated by mechanical stress 
alone, but combination with high temperature is necessary. 

Another t5rpe of experiment has been the study of the effect 
of hydrostatic pressure on ordinary tensile properties of steel 
and other metals (B. 122, 126, 128, 129, 131. 132). A miniature 
tensile testing machine was set up inside the 30,000 apparatus 
and a large number of conventional tensile tests made, in which 
elongation was measured as a function of tensile load. The 
technique was a simple modification of the technique used for 
reaching 100,000 kg./cm.* in a piezometer; the tensile force on 
the specimen was measured with a grid and the tensile force 
was applied through contact with the 30,000 piston by means 
of a double yoke arrangement converting compressive force 
into tensile force. The extension of the specimen was measured 
by the displacement of the piston, exactly as in the 100,000 
experiments. 

For many grades of steel the effect of pressure of 25,000 or 
30,000 kg./cm.® is a dramatic increase of ductility, the specimen 
necking down without fracture in many cases to practically a 
point — that is, nearly a 100 per cent, reduction of area and 
an infinite elongation at the neck. Combined with this very 
large effect on ductility is a much smaller effect on the elastic 
limit. The tensile stress at which plastic flow begins increases 
by something of the order of 5 per cent, per 10,000 kg./cm.® 
increase of pressure for many ordinary steels. This is also the 
order of the effect of pressure on Brinell hardness. Along 
with the great increase of ductility goes an increase of strain 
hardening. For steel the connection between hydrostatic 
pressure and strain hardening remains linear up to the highest 
pressures. That is, if the ‘ natural strain ’ or log^A^/A is 
plotted against pressure, a linear relation will be found up to 
the fracture point. Furthermore, the line is the same, to a 
first approximation, independent of the pressure of pulling. 
The effect of different pressures is to produce fracture at 
different elongations. There is here another linear relation, 
independent of that just mentioned — namely, the natural strain 
at which fracture occurs is a linear function of the pressure of 
pulling. 



SUPPLEMENT 


418 


The great strain hardening imparted by pulling to the great 
elongations made possible by high pressure is retained when 
pressure is released. That is, if a tensile specimen is pulled 
under pressure without fracture to an elongation greater than 
that normally possible without fracture, if pressure is then 
released, and if the specimen is repulled at atmospheric 
pressure, it will be found that its strength has been increased 
beyond that normally attainable. Very high figures for tensile 
strength may be reached in this way. 

During the war a large number of studies on various steels 
were made for the Government. There is an obvious applica- 
tion to the problem of the penetration of armour by a pro- 
jectile. At the nose of the projectile there are pressures of the 
order of 25,000 kg./cm.®, and the process of penetration in- 
volves the modification in the properties of the steel brought 
about by the stresses themselves. 

Other materials may behave differently from steel. Thus 
in copper, strain hardening does not continue to increase 
linearly. Some materials normally brittle acquire ductility. 
For instance, a phosphor bronze which is completely brittle at 
atmospheric pressure will perrtiit an 80 per cent, reduction of 
area when pulled under 25,000. Perhaps the most dramatic 
example is single crystal sapphire. This is normally com- 
pletely brittle, but when pulled or subjected to unidirectional 
compression when immersed in a liquid bearing 25,000 kg./cm.*, 
it is capable of great internal slip or perhaps twinning on certain 
crystal planes without fracture. 

Some substances remain essentially brittle. Crystal quartz 
and glass are examples. However, glass exhibits very large 
increases of strength under pressure, particularly in simple 
compression. The situation is complicated for glass by the 
large part which surface imperfections play in the phenomena 
of fracture. In other brittle substances surface effects are not 
determinative. An example is carboloy; it has already been 
mentioned that pressure gives plasticity in simple compression 
and an increase of strength up to at least three-fold in simple 
tension. 

Fresson-Voloine-Temperotare Relatunis in Liquids. Two 

divisions are to be recognised here; measurements since the 
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first printing in the former range of 12,000, and measurements 
in the new pressure ranges. 

The references to the older range are: B. 74, 78, 82, 87, and 
93, and partly to 86 and 91. In B. 74 the compressibility of 
eighteen liquids, mostly organic, with several pairs of isomers, 
was measured by the then new sylphon method to 12,000 at 0°, 

50°, and 95°. The question of the failure of to be a 

function of volume only was specially discussed. In B. 78 
fourteen more liquids were measured by the same method over 
the same range. These were organic liquids, especially chosen 
for their relative incompressibility. In B. 82 fifteen more 
organic liquids were similarly measured. These liquids were 
especially chosen from chemical series of analogous compounds. 
Included were five isomeric octanols. No significant regu- 
larities were brought to light. B. 87, with R. B. Dow, consisted 
of measurements with the sylphon at 25° and 75° of the com- 
pressibilities up to the freezing pressures of solutions of different 
concentrations of three amino-acids. The material was chosen 
at the suggestion of Dr. Cohn of the Harvard Medical School 
because of its biological significance. A complicated relation- 
ship with concentration was found. In B. 93 the former work 
on water was repeated for D^O, including a complete investiga- 
tion of the phase diagram down to -60° and up to 95° out to 
12,000, together with measurement of the compressibility of 
the liquid. Except for minor variations, some of which may 
be significant, the phase diagram of DjjO is exactly like that of 
HjO but displaced a few degrees toward higher temperature. 
In this work a totally unstable form of heavy ice was found. 
The corresponding ice had been overlooked in the original 
work on HjO, but on re-examination of the original data was 
found to have been realised. B. 86 and 91 include, in addition 
to determinations of the melting parameters of nitrogen and 
argon, measurements of the volume of the amorphous phase 
between 3,000 and 6,000 kg. /cm.® and from room temperature 
down to — 140°. 

The second division of the topic up to now embraces only a 
single published investigation, B. 118 and 119, together with 
another as yet unpublished. The subject of the published 
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work was twenty organic liquids and water. In addition to the 
determination of the freezing parameters, to be described later, 
volume measurements were made at 25*", 75°, 125°, and 175®. 
These volume measurements were made right across the 
freezing-point up to 50,000 kg./cm.®, thus giving compressions 
of both liquid and solid phases. The most striking feature 
was the approximate similarity of behaviour of all substances 
in the upper end of the pressure range. The change of relative 
volumes between 5,000 and 50,000 cluster in the range 0*20 to 
0-25, whether or not freezing is included. Between 25,000 and 
50,000 the decrements range from a minimum of 0-045 (solid 
/>-xylene) to a maximum of 0-070 (liquid n-butyl bromide). 
The compressibility uniformly decreases on passing from liquid 
to solid. The volumes of both liquid and solid decrease along 
the melting line, the effect of increasing pressure overbalancing 
that of increasing temperature. Similarly, the internal energy 
of both liquid and solid increase along the melting line. 

The unpublished work in this division includes measurements 
at room temperature up to 40,000 kg./cm.^ on some hydro- 
carbons. 

Compression of Solids. Here again two divisions of the topic 
are to be recognised: work with former methods in the lower 
pressure range and work in the newer ranges above 12,000. 
Here, however, part of the new work reacts on the old, so that 
part of the new work will be described first. 

The chief point in measuring compression of solids to high 
pressures is to obtain the deviations of compression from 
linearity in pressure. The non-linear terms are large and easy 
to get for the more compressible substances, but for others like 
iron they are difficult. For substances like iron a single 
second-degree term in pressure is usually adequate, and the 
problem becomes that of determining the second-degree terms. 
The most accurate method for measuring compression of solids 
remains that of measurement of linear compression in the 
‘ lever piezometer These measurements are measurements 
of differential compression between the substance in question 
and the iron of which the piezometer is constructed. To 
convert to absolute compression the absolute compression of 
iron must be known. This has to be determined by some 
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other method. The accuracy of the second-degree term will, 
other things being equal, be proportional to the square of the 
pressure range. The second-degree term for iron should there- 
fore be determinable with an accuracy six-fold as great over 
the range to 30,000 as over the previous range to 12,000. 

In B. 1 14 the absolute compression of iron is determined at 
30° and 75° to 30,000. The method is similar to that used 
before: measurement of the change of length of a rod of iron 
with respect to the interior of the pressure vessel by a sliding 
contact arrangement, combined with determination of the 
change of dimensions of the vessel from external measurements 
of its change of length combined with measurements of the 
warping of the section at the internal wall by measurements 
with probe rods in holes drilled into the vessel at appropriate 
places. An integral part in these measurements was the cali- 
bration of the manganin pressure gauge for deviation from 
linearity by the use of the bismuth I-II fixed point already 
described. 

The outcome of the measurements was a second-degree term 
about one-third of that which had been used in the previous 
work up to 12,000. This change was in the direction which 
the theoretical physicists wanted, some of whom had expressed 
the suspicion that my former second-degree term was too large 
by a factor of 10 to 100. In the meantime, certain errors in 
the theoretical calculations revealed themselves, with the 
result that the present experimental second-degree term is just 
about what the theoretical physicists now think most probable. 

The new value for the second-degree term in iron reacts on 
all my former work. Since these were differential measure- 
ments, they can be simply corrected by an additive term. In 
addition to this correction of the second-degree term, a small 
part of my former work suffered from another source of error — 
namely, incorrect reduction of change of length to change of 
volume, which has already been mentioned (p. ^7.) in con- 
nection with potassium. These incorrectly reduced values 
had been corrected in B. 92, and particularly on page 192 of 
B. 96, the latter table of corrections itself containing several 
easily obvious misprints of the sign of the second-degree term. 
All the early values, corrected when necessary as just de- 
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scribed, are now to be corrected to the present best values for 
the new second-degree term as follows from B. 125, p. 23. If 
the change of volume is written as a second-degree term in 
pressure as: 

then: 

X lo*’ 

— X IO-“ — X 0-022 X 10"^ 

As always, pressure is measured in kg. /cm.*. 

Returning now to the discussion of the measurements since 
1931 on the compression of solids in the range to 12,000, the 
references are: B. 75, 77, 81, 83, 90, and 96. In B. 75 several 
fluorides, a couple of tellurides, TiN and TiC, and AlSb, all 
cubic, were measured, and also single crystal magnesium. 
The linear compressibility of the latter is almost exactly the 
same parallel and perpendicular to the hexagonal axis. This 
would be expected because of the axial ratio. In B. 77 the 
relation between pressure and volume for NH4CI and NH4Br 
is measured from - 72° to 75°. Both these substances have 
discontinuities in the tangents (transitions of the second kind) ; 
the data give the displacement of the point of discontinuity 
with pressure and temperature. The direction of displace- 
ment is different for the two substances. 

In B. 81 the linear- compression of eighteen cubic compounds 
was measured; these include sulphides, oxides, and halogen 
compounds. The measurements were herewith completed for 
all twenty halogen compounds of the alkali metals, making 
possible a discussion of the relations in the series. In B. 83 the 
linear compressions were measured to 12,000 at 30° and 75° for 
six elements, seven compounds, several of which in single 
crystal form were measured in the crystailographically indepen- 
dent directions, three alloys of gold and silver, and seven alloys 
of cobalt, iron, tungsten. A number of these substances show 
transitions of the second kind or other small-scale irregularities; 
the displacement of these with pres&ure was determined. Among 
the elements, chromium and arsenic have especially compli- 
cated behaviour. In B. 90 the elastic constants of a couple 
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of specimens of zinc with known impurities in very small 
amount were measured, including measurements of the linear 
compression in the crystallographically independent directions 
at 30° C. Certain of the elastic constants are particularly 
sensitive to minute impurities and small permanent strains. 
In general a directly determined compression is much better 
than one calculated from the elastic constants. The cubic 
compression is not sensitive to either impurity or strain. In 
B. 96 the compression of twenty-five substances, nearly all 
cubic, was measured at 30° and 75® to 12,000. The list includes 
eighteen intermetallic compounds. There are many small- 
scale irregularities in the behaviour of these, including pressure 
hysteresis. In general, the compressibility of the intermetallic 
compounds is markedly less than what would be calculated by 
the rule of mixtures from the compressibility of the 
component elements. 

The references to volume compressions in the new ranges 
above 12,000 kg./cm.® are: B. 79, 92, 104, 115, 117, 118, 119, 
120, 123, 124, 134, 135, together with two as yet unpublished. 
Of these, the first two have been already referred to ; these are 
measurements to 20,000, by an extension of the lower-pressure 
technique, on the first three alkali metals. The first work in 
the new range is B. 104; this includes measurements by the 
piston displacement method of the compression of twelve of the 
more compressible elements and of CO* and NaCl at room 
temperature to 45,000 kg./cm.®. The apparatus used employed 
a single stage of external support, which is the reason that 
measurements were not made to the same limit, 50,000, that 
could be reached in measurements of polymorphic transitions. 
The first measurements were described as ‘ rough ', and better 
results have since then been obtained for all the fourteen sub- 
stances except COjj. For this, measurements were made from 
—80° to room temperature. There is a sluggish polymorphic 
transition above 25,000. 

In B. 115 the compression of 46 substances, including 22 
halogen compounds and i8 sulphides, selenides, and tellurides, 
is measured to 50,000 at -80° and room temperature. A 
number of new transitions were found. In general the smaller 
the absolute compressibility of a substance the smaller the 
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proportional deviation from linearity of the relation between 
volume decrement and pressure, but there are numerous 
exceptions. In other words, crossing of the curves of propor- 
tional volume decrement against pressure for different sub- 
stances is not uncommon. In this investigation the first 
example of a chemical reaction brought about by pressure alone 
was found: HgTe slowly decomposes to its elements. The 
volume of the compound is greater than that of the component 
elements, so that the decomposition is thermodynamically 
possible. 

In B. 117 and 120 the first measurements to 100,000 kg./cm.* 
are described. These embrace measurements on seventeen of the 
more compressible elements. The measurements to 100,000 
on the five alkali metals have already been sufficiently descrij>ed 
on pp. 177 to 183; these metals will not be referred to again 
here. Of the other elements studied the proportional volume 
decrement (A V/VJ at 100,000 varies from 0132 for Zn to 
0*295 for Se. A number of new polymorphic forms were found 
in the course of the measurements; especially to be mentioned 
is a transition of antimony which is probably the long-expected 
transition analogous to that of bismuth near 25,000. In 
general comment on the results in the new high range, com- 
pressibility remains higher over the upper end of the range 
than might perhaps have been anticipated from trends at 
lower pressures, 

B. 1 18 and 119 have already been referred to in connection 
with the compression of liquids. These papers contain at the 
upper end of the pressure range, after the freezing curve has 
been crossed, measurements on the compressions of the solid 
phases of a number of organic substances from room tempera- 
ture to 175® C. The compressibility of the solid phase is 
always less than that of the liquid, but not greatly different, 
and the same trend with pressure is maintained as for the liquid. 

In B. 123 the technique of B. 117 and 120 is extended with 
little modification except for improvements in the method of 
calculation to 7 chlorides, 7 bromides, 7 iodides, 7 nitrates, 
and 4 other substances. Various new transitions are found. 
However, no transitions are found in the sodium halogen com- 
pounds, although transitions do occur for the corresponding 
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salts of the heavier alkali metals; this is in accordance with 
theoretical calculations of R. B. Jacobs (Phys. Rev,, 64 , 468, 
1938). In B. 124 rough compressions are measured to 25,000 
kg./cm.® at room temperature of 6 elements, 7 nitrates, 8 
halogenates, 10 perhalogenates, 15 well defined organic com- 
pounds, and 14 natural and S5mthetic rubbers. Many of the 
rubbers exhibit a transition of the second kind, corresponding to 
the well-known ' freezing ’ of rubber with development of mech- 
anical stiffness at atmospheric pressure at low temperatures. 

In B. 134 the improvements in technique in use of the 
100,000 piezometer already described are applied to remeasure- 
ment of the first four alkali metals, to caesium for the first time, 
to 17 other elements, to 9 sulphides, selenides, and tellurides, 
and to quartz crystal and 6 glasses. In fig. 93 the volume 
decrements of a number of elements are shown to 100,000. 
The most interesting result is the new modification of caesium 
above 45,000. A number of the glasses show transitions of 
the second kind; these may be constituted by a discontinuous 
jump in compressibility, either up for some glasses or down 
for others. In B. 135 the technique of rapid compression 
measurement to 40,000 is applied to 38 plastics, 6 glasses, 
15 elements, ii minerals, 18 compounds already known to 
have polymorphic transitions (in order to find the relation 
between the compressibility of the two modifications), 25 
miscellaneous compounds, and 64 organic compounds in their 
ortho-, meta-, and para- forms. The plastics did not show the 
transitions of the second kind anticipated. One plastic, 

‘ teflon,' the polymer of C2F4, has a sharp volume discontinuity, 
indistinguishable from an ordinary polymorphic transition. 
This is the first time that a discontinuity of this sort has been 
observed in a substance without a definite lattice structure. 
Among the substances with transitions, the high-pressure form 
is more compressible than the low-pressure form in a large 
number of cases, as was already known to be the case for 
transitions at lower pressures. Many of the miscellaneous 
compounds were selected for measurement because one con- 
sideration or another had suggested them as likely candidates 
for permanent alterations to new forms analogous to black 
phosphorus and black CSg, to be described later. No such 
transformations were found. No consistent relationship be- 
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Fio. 93. — ^The proportional volume decrements of a number of elements as a 
function of pressure to ioo»ooo kg/ cm*. The breaks in some of the curves 
represent poljrmorphic transitions. 
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tween the relative compressibility of o-, m-, or p- forms was 
found. In some cases there are considerable differences be- 
tween the compression of the different isomers. The extreme 
example is amino benzene sulphonic acid, for which the para- 
form is nearly twice as compressible as the meta- form. 

Two pieces of work are as yet unpublished. One consists of 
rapid measurements to 40,000 of a large number of hydro- 
carbons in the search for consistent relations between com- 
pressibility and constitution. It appears that there are no 
obvious relations of this sort, any more than there were for 
the isomers described in the last paragraph. The second 
consists of measurements to 30,000 of linear compression with 
all the precision attainable, in order to get as good values as 
possible for the second-degree terms, particularly for the com- 
paratively incompressible substances. The lever piezometer 
has been much improved in several respects. It appears that 
for incompressible substances with small second-degree terms 
reproducible values truly characteristic of the material are in 
many cases very difficult to obtain. The true second-degree 
term is likely to be obscured by other small effects arising, 
perhaps, from slight changes in the grain size or from differences 
in stress history. 

Melting Phenomena under Pressure. In the pressure range 
up to 12,000, new systematic measurement of the freezing 
parameters for their own sake has been made only for nitrogen 
and argon (B. 86 and 91) and for heavy water (B. 93). These 
new measurements modified in no way the conclusions already 
drawn as to the general character of the melting curve. In 
addition to these, incidental and partial determinations of the 
freezing parameters will be found in several of the papers on 
compression of liquids already enumerated. These measure- 
ments were incomplete, particularly with respect to change of 
volume, an incompleteness necessitated by the fact that the 
measurements were made with the sylphon, and the sylphon 
is destroyed if solidification is allowed to run to completion. 

In the new ranges, study of melting for its own sake is 
made in B. 102 for water and in B. 118 and 119 for twenty-one 
organic compounds. Water was found to have a new polymorphic 
form above 23,000 kg./cm.*, and its melting curve was followed 
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to 190° C. and 45,000 kg./cm.^. The shape of the melting line 
and of the curve giving the relation between change of volume 
and pressure are normal. The latent heat, however, increases 
so much along the melting line as to more than compensate 
for increase of temperature, so that the entropy difference 
between liquid and solid increases along the line, the first 
instance found for this behaviour. The energy difference 
between liquid and solid also increases along the line. The 
volume effects are unexpectedly large; at the triple point 
between the liquid, ice VI and ice VII (the new ice) the volume 
of VII is 10 per cent, less than the volume of the liquid. 

In B. 118 and 119 the 50,000 apparatus was employed to 
follow the melting curves of twenty-one organic compounds and 
water again to temperatures as high as 200° in one instance 
and the corresponding pressures. The particular object was to 
find whether the conclusions previously drawn about the 
character of the melting curve in the range up to 12,000 would 
continue to hold in the new range. These conclusions were 
found to be still valid — namel)^ the melting curve continues 
to rise indefinitely with continually decreasing curvature, with 
no indication of the approach of either a critical point or a 
maximum. The difference of volume between liquid and solid 
continues to decrease w'ith rising pressure along the melting 
line at a continually decelerating rate so that it does not tend 
to become zero at any finite pressure. There are more cases 
than before in which the latent heat increases markedly along 
the melting line, and two new ones, ethyl and «-butyl alcohol, 
in addition to water mentioned in the last paragraph, in which 
the increase is great enough to result in an increase of entropy 
difference between liquid and solid. With increasing pressure, 
sub-cooling phenomena become more prominent, which is the 
reason that in most cases the measurements could not be 
carried to the full 50,000 kg. /cm.* of which the apparatus is 
capable. This subcooling is much more obstinate for some 
substances than others. For some substances it becomes so 
great that freezing will never be produced by the application 
of pressure alone, even indefinitely high, in spite of the fact 
that thermodynamically the liquid is no longer the stable 
phase. In particular, the first, third, and fifth in the series of 
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normal alcohols are made to freeze with great difficulty. This 
observation may have an application to conditions deep in the 
crust of the earth ; some of the silicates are known to be hard 
to freeze. 

In the course of the measurements of the melting curve of 
CSj a second example was found of an irreversible transition 
to a new form, the first example being the transformation of 
yellow phosphorus to black. At temperatures above 175° and 
pressures above 45,000 kg./cm.*, CSj is slowly and irreversibly 
transformed to a permanent black solid. This new solid is 
decomposed to the elements on heating to the neighbourhood 
of 200° C. At atmospheric pressure it is 4 per cent, denser 
than the component elements and is not a mechanical mixture, 
as might be suspected. It has been suggested that its structure 
may be the analogue of SiOj. However, the x-ray structure 
has not yet been determined, so that there is more to be said 
on this matter. 

Polymorphic l^ransitioiis. This discussion will be reserved 
for so-called transitions of the first kind, characterised by a 
discontinuity in volume or heat content. Various transitions 
of the second and higher orders have been mentioned in the 
discussion of volume compression. Furthermore, less com- 
plete and more complete investigations of polymorphic tran- 
sitions are to be distinguished. The more complete' investiga- 
tions comprise a determination of all the thermodynamic 
parameters of the transition. This involves following the 
transition line as a function of pressure through a range of 
temperature, together with measurements of the volume dis- 
continuities. In the less complete investigation the existence 
of the transition is established at only a single temperature, 
where both the pressure of the transition and the volume 
discontinuity are measured. Lack of knowledge of the slope 
of the transition line does not allow calculation of the latent 
heat of the transition or other energy effects. 

In the previous pressure range up to 12,000, B. 79 contains 
an examination of a transition in silver oxide which is exceed- 
ingly sluggish, and is spread out over a wide pressure range 
with much hysteresis. This single example is sufficient to 
^ow that the classification of transitions above into first and 
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higher orders is in application more or less academic and does 
not by any means exhaust the sort of thing encountered in 
practice. In B. 93 the phase diagram of heavy water is in- 
vestigated; this has already been incidentally referred to. 
The diagram is essentially like that of ordinary water, raised 
a few degrees in temperature. 

In B. 95 are described the first measurements in the new 
range, up to 50,000, and in the temperature range from — 80® 
to 200°, thus allowing a complete determination of the ther- 
modynamic parameters. This investigation was of the elements ; 
the phase diagrams were established for bismuth, mercury, 
thallium, tellurium, gallium and iodine. A large number of 
other elements were examined with negative results. Gallium 
follows the example of water and bismuth, the initial falling 
melting curve being converted into a normal rising curve at 
high pressures by the appearance of a new solid phase, heavier 
than the liquid instead of lighter. In addition to the elements, 
transitions are found in the neighbourhood of 20,000 for the 
three potassium halides; these transitions are analogous to 
those already discovered for the rubidium halides by Slater. 

In B. 99 and loi the phase diagrams are established for some 
thirty-five inorganic compounds up to 50,000 and the same 
temperature range as above. A number of other compounds 
were examined with negative results. A statistical study of 
the results discloses a much greater tendency, in the new 
pressure range as compared with the former range, to the 
existence of ‘ abnormal ' transition lines — that is, lines with a 


negative slope, which means that the high-temperature 

phase has a smaller volume than the low-temperature pfliase. 
In the former work up to 12,000 14 transition lines out of 
59, or 24 per cent., had negative slopes, whereas in the new 
range to 50,000 19 out of 44 transition lines, or 43 per cent., 
have negative slopes. There is no tendency for the ' abnormal ' 
phase to be replaced by another, as was the case in the three 
examples of abnormal melting curves. Another result of the 
statistical examination is that very roughly the ratio of the 
number of substances with » + i phases to the number with 
n phases is independent of n, for low values of n. This means 
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that the chance that a substance will exhibit a new phase 
when pressure is increased into a new domain is independent 
of the number of phases which it has already had. The rela- 
tion is the same as for multiple human births. With regard 
to energy relations, an increasing number of transitions at 
high pressures are such that the internal energy of the high- 
pressure phase is greater than that of the low-pressure phase. 
This means that the latent heat term becomes increasingly 
dominated by the mechanical work term of pressure acting 
through change of volume, as seems natural. 

In B. 102 the parameters of the transition from ice VI to 
the new ice VII stable above 25,000 kg./cm.* are evaluated, in 
addition to the melting parameters already described. The 
volume difference between the two ices is large, 7 or 8 per 
cent., the transition line runs nearly vertically with little 
latent heat, and the temperature coefficient of the velocity of 
the transition is very high, with a rapidly increasing region of 
indifference below 0° C. 

In B. 105 the phase diagrams of twenty-five organic sub- 
stances are established up to 50,000 kg. /cm.* in the same 
temperature range, ~8o° to 20b®, and in addition a num- 
ber of substances examined with negative results. Compared 
with inorganic compounds the organic compounds perhaps ex- 
hibit more frequent polymorphism, but the transitions are 
more likely to be sluggish, with smaller volume changes, so 
that altogether they are more difficult to measure, and doubt- 
less many small transitions have been missed. Complicated 
phase diagrams with a large number of phases are more com- 
mon than for inorganic substances. The record is at present 
held by camphor, with eleven probable phases. The general 
sluggishness of the organic transitions is doubtless another 
manifestation of the effect that is responsible for the enormous 
increase of viscosity of many organic substances under pressure. 

This completes the num^r of investigations in which com- 
plete thermod3mamic parameters are obtained by establishing 
the phase diagram over a range of pressure and temperature. 
In addition, a considerable number of transitions have been 
measured at single temperatures. These are given in B. 117, 
120, 123, 134, and 135, and have already been referred to in 
connection with the discussion of volume compression. 
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In B. 125 there is a discussion of possible connections between 
the phenomena of transitions under pressure and geophysical 
phenomena. The suggestion is made that during the progress 
of a polymorphic transition, even one with vanishingly small 
Volume change, the lattice rearrangement will provide the 
opportunity for a dissipation of shearing stresses, thus pro- 
viding a possible mechanism for isostatic adjustment. 

Electrical Resistance* Only two investigations were carried 
into the new pressure range, one to 20,000 and one to 30,000. 

In B. 75, already referred to in connection with measure- 
ments of linear compression, the resistance of TiN, TiC, and 
single crystal magnesium is measured to 12,000 kg. /cm.* at 
30° and 75®. The two titanium compounds show normally a 
decrease of resistance with pressure, but the coeflBicient is vm- 
usually small. Magnesium is also normal with a decreasing 
resistance. The pressure coefficient of resistance is very nearly 
the same in the two crystallographic directions — much more 
nearly equal than the specific resistance itself. 

In B. 80 the resistance of fifteen pure metals was measured 
down to liquid oxygen temperatures. Several changes in 
technique were made necessary by the low temperature. 
Pressure was transmitted by helium. The only other sub- 
stance which does not freeze under pressure under these con- 
ditions, hydrogen, is unavailable because of its chemical attack 
on steel. The pressure range of the work was 7,500 kg. /cm.*; 
helium can presumably be carried to about 15,000 kg. /cm.* at 
this temperature before freezing, but other difficulties, such as 
leak, limited the pressure. It was not p>ossible to get elec- 
trically insulated leads into the vessel at the low temperature, 
but the leads were taken out through the connecting pipe to 
the upper cylinder, at room temperature. The fifteen metals 
measured were all normal metals with negative pressure 
coefficients of resistance. In general the pressure coefficient 
increases somewhat numerically at the low temperature. 
There were a few cases of contrary behaviour, but those metals 
were of inferior purity. No suggestion was found of a mini- 
mum of resistance with pressure, the relation remaining nearly 
linear, nor was there any suggestion of an elevation of the 
supra-conducting pjoint by pressure to this temperature. 

In B. 83 the resistance of five elements and three alloys of gold 
and silver is measured to 12,000 kg./cm.* at 30® and 75®. The 
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elements chromium and arsenic show complicated pressure 
effects, the curves being far from linear, with complicated 
crossings for different temperatures. The results for the gold- 
silver alloys were smooth, and did not show the small-scale 
irregularities that were shown by the changes of length. 

In B. 84 the technique of B. 80 is applied to the measure- 
ment in the crystallographically independent directions of the 
resistance of single crystal rods of Zn, Cd, Sn, Bi, Sb, As, and 
Te over the same range of temperature and pressure. In 
general the previous result holds — namely, that the pressure 
coefficient of resistance is somewhat greater numerically at 
the low temperature; this holds for normal metals with negative 
coefficients, and for the two abnormal metals, bismuth and 
antimony, with positive coefficients. The effect is not large, 
however. For some of the metals the effect of pressure at 
low temperature is to accentuate the difference of resistance 
in the two crystallographic directions, and for others to mini- 
mise it. Tellurium, which is non-metallic, had complicated 
effects. At low temperatures the very high abnormal effect of 
pressure on resistance has become markedly less. 

In B. 96 the resistance of most of the intermetallic com- 
pounds whose volume relations have already been described, 
was measured to 12,000 at 30° and 75°. The pressure co- 
efficients of most of these were normally negative. There were 
three exceptions, however. The coefficient of Ag5Zng is nega- 
tive at 30° and positive at 75°, that of AggAl positive at 30° 
and negative at 75°, and that of MgjAlj positive at both 
temperatures, but three times as large at 30° as at 75°. In 
all these three cases the absolute values of the coefficients 
were abnormally small. The resistance as a function of 
pressure was in general smoother than the volume in terms 
of pressure, but there were a number of instances in which the 
discontinuities in slope of the volume curves were reflected in 
corresponding discontinuities in direction of the resistance 
curves. In general, the resistance measurements were not as 
sensitive as the volume measurements, so that this difference 
is not especially significant. In addition to the intermetallic 
compounds, the resistance of AggS was measured to 12,000. 
It decreases very greatly, the resistance at 12,000 being (Mily 
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about i/iooo of that at atmospheric pressure. The logarithm 
of resistance is nearly linear in pressure. 

B. 89 and 92 contain the measurements to 20,000 of the 
resistances of gold, silver, and iron in terms of manganin, which 
have already been described, in order to give a line on the 
justifiability of linear extrapolation of the manganin, and in 
addition contain measurements of the resistance of black 
phosphorus, tellurium (single crystal), and copper sulphide. 
The changes of resistance are so large that slight uncertainties 
in the pressure are of no moment. The previously found large 
decrease of resistance of black phosphorus continues from 
12,000 to 20,000; at the latter pressure the resistance is only 
0-007, its initial value. There is a crossing of curves with 
respect to temperature, so that at high pressures the tempera- 
ture coefficient of resistance has become positive, like a metal, 
instead of negative. Finally, there is a rapid change of curva- 
ture at the high pressures, indicating by extrapolation a 
minimum of resistance at about 23,000. For tellurium the 
effects are not greatly different for different crystal orienta- 
tions. Qualitatively the results are similar to those for black 
phosphorus; the temperature coefficient becomes numerically 
less at higher pressures, but without a reversal of sign. There 
is also a large decrease of pressure coefficient at higher pressures, 
with a possible minimum by extrapolation near 30,000. For 
coppor sulphide the results are entirely different in character. 
There is a decrease of resistance with pressure, but only 
moderate in amount. At 30° there is a discontinuity in the 
tangent at 2000 kg. /cm.®, the pressure coefficient dropping to 
one-tenth its value. The relation between resistance and 
pressure is reversible (single valued) at this temperature. At 
75°, on the other hand, there is marked hysteresis between 
pressure and resistance and the discontinuity in the tangent 
has nearly disappeared. 

Finally, inB.,t03, the resistance of nineteen metals is measured 
in the 30,000 apparatus at 30° and 75° to 30,000. This list 
includes four single cr3retals in different orientations. These 
measurements were made before the second-degree term in the 
manganin gauge had been determined, and the pressures were 
linearly extrapolated from the 7640 fixed point of the calibra- 
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tion. It has already been stated that the error so introduced 
in the pressure is not more than i or 2 per cent, at the upper 
end of the pressure range. The expected miniihum of resist- 
ance of potassium was found close to the formerly extrapolated 
pressure. The minimum expected for sodium, however, some- 
what below 30,000, was not found, and extrapolation now 
indicates it is probably beyond 40,000. The change of re- 
sistance of caesium at its polymorphic transition at 23,000 
was found. The transition is a very clean one and the measure- 
ments can be easily made. Resistance increases slightly on 
passing through the transition; the direction of change is 
unusual, since usually the change of resistance follows the 
change of volume. The whole course of the curve of resistance 
against pressure for caesium is little affected by the transition, 
indicating that the lattice plays a comparatively unimportant 
part in the resistance of this substance. Calcium and stron- 
tium continue their smooth upward increase of resistance over 
the entire range. Barium, however, shows a transition accord- 
ing to the resistance measurements, which was later verified 
by the volume measurements. Like caesium, the course of 
the resistance curve for barium is little affected by the occur- 
rence of the transition, but otherwise the two metals are unlike, 
the transition being very sluggish in barium. Mercury behaves 
about as would be expected for a soft metal, but the second- 
degree term is abnormally small (as it is also for the melting 
curve). Single crystal zinc shows a reversal of relative re- 
sistance along the two axes at high pressures. In one orienta- 
tion single crystal antimony shows a maximum of resistance 
with increasing pressure, the only example known of a pressure 
maximum. The great decrease of resistance of tellurium 
formerly found continues to 30,000. Indications are that just 
above 30,000 its temperature coefficient will reverse sign and 
become positive, thus assuming metallic characteristics. At 
the I-II transition of bismuth the resistance jumps down, as 
is normal, but at the II-III transition it jumps up, like caesium, 
the only other known abnormal example. The jump of re- 
sistance for bismuth is, however, large (by a factor of 2*5), 
whereas for caesium it is small. Both modifications II and III 
of bismuth are normal in having a negative pressure coefficient 
of resistance, although I is abnormally positive. 
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Viscosity ol Liquids, I have obtained no results since 1931 
in the old range to 12,000. The only work in a higher range 
is as yet unpublished; this comprises measurements to 30,000 
on a half-dozen organic liquids at room temperature. The 
purpose was two-fold. In the first place there had been rather 
definite indications at several times of interference with the 
operation of the sliding wire measuring devices immersed in 
the 30,000 apparatus, the natural interpretation of which was 
the effect of high viscosity in the transmitting liquid. I wanted 
to know numerically just how high this viscosity was becoming. 
In the second place, it appeared desirable to know whether 
the rapid increase of viscosity with pressure formerly found to 
12,000, particularly the frequent turning upward of the curve 
of logarithm of viscosity against pressure, would continue in 
the higher range. 

As in the former range, the pressure apparatus was mounted 
so that it could be rotated through 180®, back and forth, about 
a longitudinal axis, the press being cut off from the pumps and 
pressure held by closing appropriate valves during the rotation. 
The present one-piece construction of the apparatus demanded 
a modification of the former falling-weight technique. The 
weight was replaced by a swinging vane, swinging against stops 
under gravity about a longitudinal axis. The stops were 
insulated, and the time of swing determined electrically by the 
making of a contact. By using vanes of different thickness 
and for the last step replacing the vane by a bar of gold, a 
sufficient range of viscosities could be covered with feasible 
times of swing. The time of swing of the vane varied over an 
extreme from one second to two hours. 

The liquids open to measurement over the full pressure 
range are much restricted because of the freezing produced by 
pressure. Those measured were: i-pentane and several 
mixtures of i-pentane with ordinary * pentane ' (measured 
because of use as the pressure -transmitting medium), methyl 
alcohol, and «-propyl alcohol, n-amyl alcohol, and w-butyl 
bromide. Most of these liquids thermodynamically should 
freeze under pressure, but are inhibited by whatever the sub- 
cooling mechanism is. Notice that the even alcohols could 
not be measured because of freezing. For all these liquids 
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the curve of logarithm of viscosity against pressure eventually 
turns up toward the upper end — that is, at high pressures 
viscosity increases more rapidly than geometrically as pressure 
increases arithmetically. For methyl alcohol the upturn in 
the curve did not occur until between 15,000 and 20,000. 
Other tendencies formerly found continue. Thus the effect of 
pressure on t-propyl alcohol is markedly greater than on the 
same normal alcohol. This can be crudely explained as an 
effect of the more complicated shape of the i-compound. With 
this extension of pressure range the viscosities of single liquids 
have been followed experimentally through much greater 
ranges than formerly, the very great ranges formerly men- 
tioned being extrapolated. The extreme case is *-propyl 
alcohol, the viscosity of which has now been actually measured 
over a range of 4-5 million-fold. 
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